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ABSTRACT: In this letter, a quad-band high-isolated MIMO microstrip antenna is designed for coal mine communications, which can
operate at DCS1800, UMTS, WiMAX, WiFi, and 5G NR simultaneously. Firstly, the qual-band property is realized by designing a
quaddent structure. In particular, three L-shaped branches (separately operating at 2.6GHz, 3.5GHz, and 4.8GHz) are successively
loaded on a monopole antenna (operating at 1.9GHz). In the sequel, by symmetrically placing two quaddent structures with spacing
of 0.19λ, a MIMO antenna is designed. At this time, the isolation level of the MIMO antenna can be as high as around 8 dB. To
improve the performance of the MIMO antenna, an inverted cross-shaped branch is loaded on and two rectangular slots are etched off the
ground successively between the two elements. In this way, an isolation level of over 20 dB can be achieved across the whole operating
frequency bands. To verify the performance of the designed antenna, a prototype is fabricated and tested, and good agreement between
the simulated and measured results indicates that the proposed antenna can completely cover DCS1800, UMTS, WiMAX, WiFi, and 5G
NR (1.67 ∼ 2.28GHz, 2.39 ∼ 2.79GHz, 3.13 ∼ 3.74GHz and 4.69 ∼ 5.34GHz) for mining.

1. INTRODUCTION

With the rapid development of wireless communication,
people have stronger demands for channel capacity and

transmission rate. 5G technique [1–3] is employed in coal
mine applications owing to possessing the above advantages.
Multiple-input multiple-output (MIMO) technology, as the key
technology of 5G, is able to enhance channel capacity, spec-
trum utilization and reliability of the communication system
via using multiple antennas technology at the transmitter and
receiver with a little transmission power and bandwidth [4–
6]. Especially, it plays an important role under the complex
coal mine wireless environment. Physical channels exhibit ran-
domly time-varying characteristics, which will result in signal
fading and substantial channel capacity degradation [7]. How-
ever, the spacing between antenna elements will reduce if mul-
tiple antennas are arranged in the limited communication equip-
ment, which would cause strong coupling between antenna
units. Eventually, the radiation performance and channel ca-
pacity will be affected seriously due to the harmful coupling [8].
Therefore, researchers from both industry and academia have
been focusing on how to achieve reduction of the coupling ef-
fect among MIMO antenna elements.
In recent years, many investigations have been conducted

to reduce the coupling effects among MIMO antenna units.
In [9, 10], spatial decoupling method is used by orthogonally
placing the antenna units to reduce the coupling. The method
is simple but occupies large system space. Another two de-
* Corresponding author: Yanhong Xu (yanhongxuxidian@163.com).

coupling techniques, i.e., neutralization line [11–13] and para-
sitic branch [14–16], use the principle of current cancellation
to achieve decoupling and are more suitable for bandwidth de-
coupling. In particular, in [12], the isolation of the proposed
antenna is more than 15 dB via using a T-shaped neutraliza-
tion line with two Y-shaped stubs. In [15], a high isolation of
better than 23 dB over 3.08–12.8GHz is realized by adding in-
verted L-structured stubs on the ground plane. Loading meta-
surface structure [17, 18] and adopting differential feed [19, 20]
are also exploited to reduce the coupling effect. In [18], a de-
coupling method of the metasurface-based is employed to re-
alize the isolation of greater than 25 dB within the operating
frequency bands. In [20], a differential-fed scheme is used to
excite the y-polarization modes, which can obtain the isolation
of higher than 48 dB within the whole band. Although the iso-
lation can be greatly improved with the two methods, the diffi-
culties in design and fabrication are also increased. Defective
ground structures (DGS) and parasitic branches are combined
to achieve reduction of the mutual coupling [21–23]. In [21], a
wideband MIMO antenna is proposed by using a parasitic strip
and DGS simultaneously to realize broadband and high isola-
tion. Similarly, a dual-band MIMO antenna is proposed where
an isolation of more than 15 dB is realized in the 2.4–2.48 and
5.15–5.825GHz bands by firstly etching an inverted T-slot on
the ground and then loading ameandering resonant branch [22].
It is obvious that the decoupling method is suitable for not only
wideband but also multi-band antennas.
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FIGURE 1. (a) The double-sided view. (b) Left side view. (c) Upper
side view. (d) Lower side view (with L1 = 27.5, L2 = 20, L3 = 3,
L4 = 13, L5 = 4, L6 = 5, L7 = 3, L8 = 3, L9 = 1.5, L10 = 2,
L11 = 17, L12 = 8, L13 = 31, L14 = 5, L15 = 9, d = 6.5, w1 = 1,
w2 = 1.2, w3 = 0.6, w4 = 1, w5 = 1, L = 60, G = 25,H = 0.8, in
mm).

(a)

(b)

FIGURE 2. (a) Design procedures of the quad-band antenna. (b) The
S11-parameter curves of the quad-band antenna.

At present, the coexistence of multiple communication sys-
tems is prominent in the equipment under coal mine. As has
been described above, the 5G technology is gradually applied in
coal mine. An antenna, as the front end of an equipment, which
can operate at 5G NR (2.51–2.67, 3.4–3.6, 4.8–4.9GHz) and
the previous frequency regions simultaneously, is prevailing
from the perspective of saving space. Under this circumstance,
a tri-band MIMO antenna for coal mine application is designed
which can not only achieve the coverage of 5G NR, 4G, WiFi,
and WiMAX frequency bands, but also provide a large channel
capacity [23]. On this basis, a quad-bandMIMO antenna is pro-
posed for coal mine wireless communication in this letter which
can achieve four frequency characteristics, i.e., 1.67 ∼ 2.28,
2.39 ∼ 2.79, 3.13 ∼ 3.74, and 4.69 ∼ 5.34GHz. The pro-
posed antenna can complete coverage of the commercial 5G
NR spectrum (2.51 ∼ 2.67, 3.40 ∼ 3.60, 4.80 ∼ 4.90GHz),
DCS1800 (1.71 ∼ 1.88GHz), UMTS (1.92 ∼ 2.17GHz),
WiFi (2.40 ∼ 2.48GHz), and WiMAX (2.5 ∼ 2.69GHz), si-
multaneously. The isolation of the entire frequency regions is
higher than 20 dB by loading an inverted cross-shaped branch

on and etching two rectangular slots out of the ground succes-
sively between two antenna elements.

2. ANTENNA DESIGN

2.1. Structure of the Proposed MIMO Antenna
The double-sided view and left side view of the proposed an-
tenna are displayed in Figures 1(a) and (b). The antenna con-
sists of radiation units, dielectric substrate, ground plane, and
decoupling structures. Figures 1(c) and (d) present the upper
and lower side views of the dielectric substrate, respectively.
Two symmetrical radiation units are located on the side of a
0.8mm-thick FR4 substrate. The radiation units consist of ra-
diation branches, impedance converters, and 50Ω microstrip
lines to form quaddent antennas. The ground plane is set be-
neath the dielectric substrate. Decoupling structures are ar-
ranged between two antenna units via loading an inverted cross-
shaped branch on and etching two rectangular slots out of the
ground. Figure 1 provides the optimized parameters of antenna.
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2.2. Design of Quad-Band Element
Firstly, a quaddent antenna is designed to achieve four fre-
quency characteristics, i.e., 1.50–2.09, 2.23–2.82, 3.39–3.80,
and 4.67–5.00GHz, which can realize the coverage of 5G
NR, DCS1800, WiFi, and WiMAX frequency bands, simul-
taneously. The quad-band element is achieved by succes-
sively loading three L-shaped branches (separately operating
at 2.6GHz, 3.5GHz, and 4.8GHz) on a monopole antenna (op-
erating at 1.9GHz). The developing procedures of the quad-
band element are provided in Figure 2(a), and Figure 2(b) gives
the S11 parameter curves of the quad-band element. There are
four steps in total. Step 1: antenna 1 (Ant. 1), a monopole an-
tenna operating at the frequency band of 1.61–2.86GHz is set
in the middle of the substrate. Step 2: the first L-shaped branch
is loaded on the left side of the monopole antenna to obtain
antenna 2 (Ant. 2), which results in the second operating fre-
quency region, i.e., 2.40–3.61GHz. Step 3: antenna 3 (Ant. 3),
the second L-shaped branch is loaded on the right side of the
monopole antenna to generate a new operating frequency band
of 3.39–4.03GHz. Step 4: the third L-shaped branch, which is
introduced to produce the fourth operating frequency band, i.e.,
4.67–5.00GHz, is placed on the outside of the first L-shaped
branch to get antenna 4 (Ant. 4). Finally, the quad-band an-
tenna operates at 1.50–2.09, 2.23–2.82, 3.39–3.80, and 4.67–
5.00GHz, which enable the quad-band antenna to complete the
coverage of 5G NR/DCS1800/WiFi/WiMAX frequency bands,
simultaneously.

2.3. Design of Quad-Band MIMO Antenna with High Isolation
In the sequel, the MIMO antenna is arranged by symmetrically
placing two quaddent structures with spacing of 0.19λ (λ is the
wavelength at 1.9GHz). Generally speaking, when multiple
antennas are placed in a space less than λ/2, mutual coupling
will seriously affect the radiation performance and channel ca-
pacity of the antenna. To improve the isolation level, it is nec-
essary to introduce decoupling structures, i.e., load an inverted
cross-shaped branch on the ground, and then etch two rectangu-
lar slots out of the ground between two antenna units. The S21-
parameter curves and the developing procedures of the quad-
band MIMO antenna decoupling are provided in Figures 3(a)
and (b). As depicted in Figures 3(a) and (b), it can be ob-
served that the isolation of the antenna is around 8 dB before
decoupling, while the isolation of the whole frequency regions
is higher than 20 dB after adding decoupling structures.
As an illustration of decoupling principle, the simulated cur-

rent distributions of the proposed quad-band MIMO antenna at
1.9, 2.6, 3.5, and 4.8GHz are presented in Figure 3(c). Note
that excite the left port while connect a matching load to the
right port. Before adding decoupling structures, it is observed
that strong current on the unit 1 is coupled to unit 2 at the four
frequencies. Loading an inverted cross-shaped branch on the
ground is implemented firstly. Part of the strong current is cou-
pled on an inverted cross-shaped branch at 1.9, 3.5 and 4.8GHz,
which can also further couple energy to unit 2. The current
coupled by unit 1 to unit 2 can be partially cancelled by the
current coupled by the inverted cross-shaped branch on unit 2
via appropriately selecting the parameters of the inverted cross-

shaped branch. Etching two rectangular slots out of the ground
is further conducted. Part of the strong current is excited on the
left slot at four frequencies, which can also couple current on
unit 2. The current coupled by unit 1 on unit 2 can be further
neutralized by this current coupled by the rectangular slots on
unit 2. The resultant current on unit 2 can be further reduced
via properly choosing the structure parameters of the rectan-
gular slots, finally improving the isolation level between two
ports.
The parametric analysis of the decoupling structure is given

below for four parameters, i.e., L13, L14, w4, and L15. The ef-
fects of the above four parameters onS21 are shown in Figure 4.
Among them, L13, L14, and w4 are the main parameters of the
inverted cross-shaped branch. As shown in Figure 4(a), it can
be seen that the values of S21 at the first and third frequency
bands are more affected with the change of L13. The values
of S21 at some parts of the first frequency region are reduced,
but others increased, and reduced at the third frequency band
with the growth of L13. To compromise, L13 is determined as
31mm finally. Figure 4(b) provides the effects of the L14 on
S21. The values of S21 at the third frequency region are mainly
affected with the growth of L14. The values of S21 are reduced
at the third frequency regions and then increased along with the
growth of L14. To achieve high isolation, L14 is determined
as 6.5mm finally. As shown in Figure 4(c), it can be observed
that the values of S21 at the first and third frequency regions are
easily affected with the growth of w4. With the growth of w4,
the values of S21 are reduced at the first frequency region but
reduced and then increased at the third frequency region. For
the sake of a good isolation level, w4 is determined as 1.0mm.
From Figure 4(d), it is seen that the values of S21 at the first,
third, and fourth frequency regions are affected obviously with
the growth of L15. The change of S21 at the first frequency
region is similar to the investigation of L13, while the values
of S21 are reduced and then increased at the third and fourth
frequency regions with the growth of L15. Therefore, L15 is
finally determined as 9.0mm.

3. SIMULATED AND MEASURED RESULTS

To validate our work, a prototype of the proposed antenna is
provided in Figure 5(a). The prototype of the proposed MIMO
antenna is measured in an anechoic chamber. During the mea-
surement, the prototype is placed on a turntable, and a standard
horn antenna, termed as horn 1, is utilized as the receiver at
the same horizontal level in the far-field region of the proto-
type. The measured results are acquired by applying an Agilent
N5244A network analyzer. Figure 5(b) provides the curves of
the simulated and measured S-parameters. It can be seen that
the measured values agree well with the simulated results. Ac-
cording to the measured results, it can be observed that the cou-
pling between antenna units is greatly reduced by introducing
decoupling structures. In particular, the values of S21 are lower
than −20, −21, −23, and −30 dB at four frequency regions of
1.67 ∼ 2.28, 2.39 ∼ 2.79, 3.13 ∼ 3.74, and 4.69 ∼ 5.34GHz.
Besides, a new resonance point is generated at the first fre-
quency band since the rectangular slots are introduced. There-
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FIGURE 3. (a) The S21-parameter curves of the quad-band MIMO antenna during decoupling stages. (b) Evolution procedures of the quad-band
MIMO antenna decoupling. (c) Simulated current distributions of the quad-band MIMO antenna at 1.9, 2.6, 3.5 and 4.8GHz during decoupling
stages.

fore, the low-frequency bandwidth is widened to satisfy the de-
mand of operating at the UMTS band.
Figure 5(c) provides the gain curves of the proposed antenna.

When measuring the antenna gains, another standard horn an-
tenna, termed as horn 2, is fabricated on the turntable in lieu
of the prototype. The signal transmitted by the prototype and
received by horn 1, is compared with the signal transmitted by
horn 2 and received by horn 1. In this way, the gain of the pro-
totype is obtained since the gain of horn 2 is known. From the
measured results, it can be observed that the average gains at
the four frequency bands are 3.72, 2.45, 2.13, and 2.24 dBi. In
additional, a good agreement between the simulated and mea-

sured gain curves can be observed. The simulated and mea-
sured radiation efficiencies are given in Figure 5(d). As shown
in Figure 5(d), it is seen that the simulated and measured an-
tenna efficiencies are all better than 80%.
It is known that the envelope correlation coefficient (ECC)

is provided to evaluate its MIMO performances. ECC is usu-
ally applied to quantify the correlation between the envelopes
of the signals received by multiple antennas in a MIMO an-
tenna system, which determines the similarity of the received
signal amplitudes between different antenna elements. In prac-
tical scenarios, ECC values are preferred to remain below 0.5.
As depicted in Figure 5(e), the simulated and measured values
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FIGURE 4. Simulated S21 with respect to (a) L13, (b) L14, (c) w4, (d) L15.

TABLE 1. Performance comparisons of the MIMO antennas.

Reference
No. of
port

The center
frequency
(GHz)

Decoupling
Method

Bandwidth
(GHz)

Space
(λ)

Isolation
(dB)

Peak gain
(dBi)

Efficiency
(%)

[21] 8 4.63 strip and DGS 3.30–5.95 0.30 > 15 2.45 > 47

[22] 2 2.44, 5.49
resonant branch and

T-shaped slot
2.40–2.48,
5.15–5.83

0.25 > 15 2.24, 2.15 > 78

[25] 4 3.50 Self-isolation 3.4–3.6 0.20 > 17 4.89 > 58

[26] 8 3.75, 4.90 Parasitic strip
3.3–4.2,
4.8–5.0

0.19 > 12.5 4.95, 3.42 > 53

[27] 4 3.5
Orthogonal
polarization

3.4–3.6 — > 12.9 3.79 > 39

[28] 2 3.44, 3.50 Differential feed
3.06–3.81,
3.33–3.67

0.28 > 14 5.17, 3.72 > 52

This
work

2
1.98, 2.59
3.44, 5.02

Parasitic branch
and DGS

1.67–2.28, 2.39–2.79,
3.13–3.74, 4.69–5.34

0.19 > 20
5.60, 3.38,
3.78, 4.41

> 80

of ECC between the two feed ports are less than 0.1 within the
operating frequency bands, which means that a good ability of
the interference suppression can be realized by the proposed
antenna. The values of ECC from the measured S parameters
are calculated using Eq. (1) [24]. The simulated and measured
radiation patterns are presented in both E-plane and H-plane
at 1.9, 2.6, 3.5, and 4.8GHz as shown in Figure 5(f). Dur-
ing the measurement, the standard horn antenna is fixed in the
same position while the prototype rotates with the turntable in

horizontal plane. It should be highlighted that the prototype is
placed horizontally and vertically on the turntable respectively
for the measurement of patterns inE- andH-planes. As can be
observed, it is seen that in the E-plane and H-plane, respec-
tively, the proposed antenna exhibits approximately bidirec-
tional and omnidirectional radiation at the four operating fre-
quency points. Moreover, measured results are similar to the
simulated ones within the operating bands.
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FIGURE 5. (a) Simulated antenna corresponding prototype. (b) Simulated and measured S-parameter. (c) Simulated and measured gains. (d)
Simulated and measured total efficiencies. (e) Simulated and measured ECCs. (f) Simulated and measured radiation patterns.

Our work is compared with some recently reported MIMO
antenna designs in Table 1. As can be observed, the majority of
the designs cover less than two frequency bands. In our work,
four frequency bands are realized, and a parasitic branch and
DGS technologies are employed to enhance the isolation with
the minimum element spacing. High isolation (> 20 dB) be-
tween two elements and better efficiency (80%) are obtained
across the whole operating frequency bands.

ρe=
|S∗

11S12 + S∗
21S22|2(

1−
(
|S11|2 + |S21|2

))(
1−

(
|S22|2 + |S12|2

)) (1)

4. CONCLUSION
This letter presents a quad-band high-isolated MIMO mi-
crostrip antenna for coal mine communications. The proposed
antenna can operate at four frequency bands of 1.67–
2.28, 2.39–2.79, 3.13–3.74, and 4.69–5.34GHz, which can
cover the operating frequency regions of DCS1800/UMTS/
WiMAX/WiFi/5G NR simultaneously. A qual-band element
is firstly designed based on a quaddent structure which
exhibits four resonant frequency points (1.9GHz, 2.6GHz,
3.5GHz, and 4.8GHz). Then the MIMO antenna is formed
by symmetrically placing two quaddent structures with spac-
ing of 0.19λ. To enhance the isolation level of the MIMO
antenna, an inverted cross-shaped branch is loaded on and
two rectangular slots are etched off the ground successively
between the two elements. In this way, the isolation level is
increased by more than 12 dB (from 8 dB to over 20 dB). A
prototype is fabricated and measured. The results show that
the proposed antenna has good MIMO performance and can
completely cover DCS1800, UMTS, WiMAX, WiFi, and 5G
NR (1.67 ∼ 2.28GHz, 2.39 ∼ 2.79GHz, 3.13 ∼ 3.74GHz
and 4.69 ∼ 5.34GHz). Therefore, the proposed antenna can
become a good candidate in coal mine wireless communication.
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