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ABSTRACT:A dual-bandMIMO antenna with high isolation is designed in this paper for coal mine applications. Each of the two elements
in the designed MIMO antenna is composed of a bident-shaped monopole structure which is designed to cover the 5G NR frequency
region (2.51–2.67GHz, 3.4–3.6GHz) allocated for coal mine scenario. The two elements are symmetrically placed to achieve high
isolation at lower frequency region with an element spacing of 0.09λ at the lowest operating frequency. To further reduce the mutual
coupling between the two elements, the decoupling network technique is utilized. In particular, a neutralization line is loaded with an
adjustable capacitor and two adjustable inductors on the ground. In this way, an isolation of higher than 20 dB is achieved over the two
operating frequency bands for the MIMO antenna, i.e., the isolation is increased by more than 11 dB and 10 dB for the lower and higher
bands, respectively. Besides, the good performance of the designed MIMO antenna in terms of correlation values and diversity gain
makes it a suitable candidate for 5G MIMO applications under coal mine scenarios.

1. INTRODUCTION

With the development of intellectualization and digitaliza-
tion, 5G technique with the advantages of high date rate,

low latency, and large-scale device connectivity has been grad-
ually applied in coal mine applications [1, 2]. Practically, the
transmission of electromagnetic waves in underground envi-
ronment usually faces severe multipath fading [3]. As one
of the key techniques in 5G, Multiple-Input Multiple-Output
(MIMO) technology has the ability to combat the negative ef-
fects of multipath fading and improve the reliability of wire-
less communication systems [4, 5]. Nevertheless, due to lim-
ited space reserved for antenna component, the mutual cou-
pling is always strong between the elements in MIMO antenna,
which would distort the performance of communication sys-
tems [6, 7].
Currently, various methods have been employed to achieve

high isolation betweenMIMO antenna elements, such as adopt-
ing parasitic branch, defect ground structure (DGSs), neutral-
izing line, compensation network, and utilizing pattern diver-
sity. Parasitic branch decoupling method utilizes the induced
inverse current by the parasitic branch to cancel the coupling
current between elements [8–11]. In particular, an 8-element
dual-band MIMO antenna operating in the 5G New Radio band
n77 (3300–4200MHz) and 5GHz band (4800–5000MHz) in
mobile handsets is presented in [8], where a T-shaped decou-
pling stub is utilized to achieve good mutual coupling reduc-
tion. In [10], a dual-bandmonopole antenna for 5G applications
is presented, where a DGS and a T-shaped parasitic element
are loaded to respectively reduce the mutual coupling of the

* Corresponding author: Yanhong Xu (yanhongxuxidian@163.com).

lower (3.409–3.601GHz) and higher (4.76–5.04GHz) bands.
For DGS decoupling method, different shapes are etched out of
the ground to alter the surface current distribution on the ground
to improve the isolation [12–17]. Specifically, a dual-band
inverted-F MIMO antenna is designed for WLAN applications
[12], where a high isolation over 15 dB is achieved by etching
T-shaped slots out of the ground. In [13], a DGS consisting of a
slant square loop structure with a T-shaped slit and a U-shaped
slot is designed to realize high isolation of over 17.96 dB. How-
ever, this method usually not only affects the impedance match-
ing of the antenna but also may damage the performance of an-
tenna radiation pattern. Different from parasitic branchmethod,
the neutralizing line method introduces a neutralizing line to
connect the elements to achieve decoupling [18, 19]. In spe-
cific, a vertical T-shaped neutralization line is inserted between
the antenna elements to obtain isolation greater than 16.5 dB
[18]. In [19], an 8-element antenna array at 3.5GHz for MIMO
wireless application is designed, where the neutralization line
and ground middle slot are used for decoupling the antenna ele-
ments in the array. Nevertheless, the design of the neutralizing
line structure is complex. In the compensation networkmethod,
a new network with opposite characteristics to the original net-
work is introduced to lower the mutual coupling between ele-
ments in MIMO antenna [20–22]. In particular, the proposed
approach uses simple T-shaped networks where decoupling is
realized, and the isolation is more than 15 dB [21]. This decou-
pling network method has the advantages of a simple design,
high tunability, and excellent decoupling performance. In ad-
dition, pattern diversity is explored in [23] to design a dual-band
(3.06–3.81GHz and 3.33–3.67GHz) high-isolated MIMO an-
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tenna for 5G mobile terminals, and an isolation of higher than
14 dB is achieved in the overlapping bandwidth.
In this paper, we intend to design a dual-band high-isolated

MIMO antenna for 5G NR coal mine applications by utilizing
the compensation network. In particular, the dual bands of 2.4–
2.67GHz and 3.22–3.73GHz assigned for 5G NR are realized
with a bident-shaped monopole structure where an L-shaped
branch of resonant frequency of 2.53GHz and a monopole rect-
angular branch of 3.47GHz are designed [24]. Note that the
two elements in theMIMO antenna are symmetrically placed to
enlarge the edge-to-edge space of the two L-shaped branches.
To further increase the isolation between the two elements, a
compensation network is designed, which is composed of an
adjustable capacitor and two adjustable inductors located on a
branch between the two elements. The proposed antenna ex-
hibits excellent isolation of better than 20 dB in dual bands.

2. DECOUPLING PRINCIPLE
As depicted in Figure 1(a), the relationship between the two
elements of a MIMO antenna is viewed as a network. After an-
alyzing the characteristic of this network, a parallel compensat-
ing network with opposite characteristic is introduced as shown
in Figure 1(b), and the resultant network is provided in Fig-
ure 1(c).
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FIGURE 1. (a) Initial network of two elements, (b) illustration of par-
allel compensating network introduced to the initial network, and (c)
resultant network.

The appropriate compensating network is chosen through the
following theoretical analysis [25]. Eq. (1) can be used to depict
the resultant network of Figure 1(c).
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The relationship between theABCD matrix and Z parameters
is as follows:[
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Note that the ABCD matrices of Ant. 1 and Ant. 4 are known.
Our goal is to achieve the decoupling between these two el-
ements while maintaining impedance matching, i.e., the Z-
parameter matrix of the resultant network needs to satisfy the
following objective:[

Z
′

11 Z
′

12

Z
′

21 Z
′

22

]
=

[
50 0
0 50

]
(6)

According to Eq. (6), theABCD matrix of the MIMO antenna
can be easily obtained. In the sequel, the desiredABCDmatrix
of resultant network is calculated according to Eq. (1). The
impedance characteristic of the desired compensating network
can be obtained based on the relation shape of ABCD matrix
and Z matrix.

3. ANTENNA DESIGN

3.1. Structure of the Dual-Band MIMO Antenna
Figure 2 provides the top perspective of the dual-band MIMO
antenna, termed as Ant. 1. From this figure, it can be seen
that the antenna consists of two symmetrical radiating elements
and a partial ground plane separately placed on the upper and
lower sides of a 1.6mm-thick FR4 substrate with εr = 4.4 and
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FIGURE 2. Top view of dual-band MIMO antenna (Ant.1), whereD =
40, S = 16, L = 16, L1 = 18.5, L2 = 15, W = 1, R1 = 4.5, and
d = 12 in mm.
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FIGURE 3. Simulated (a) S parameters and (b) gain of the MIMO antenna in Figure 2.
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FIGURE 4. (a) Dual-band MIMO antenna with two auxiliary ports. (b) Real and imaginary parts of Z43.

tan δ = 0.02, on the lower side of the substrate, and a dielec-
tric substrate. The two ports are 12mm apart. The optimized
parameters of the antenna are also provided in the caption of
Figure 2.
Figure 3 presents the simulated S parameters, and gain of

the MIMO antenna in Figure 2. From Figure 3(a), it can be ob-
served that the antenna operates in two frequency bands, i.e.,
2.29–2.75 and 3.3–4.05GHz. Meanwhile, we can see that the
mutual coupling is strong, and the isolation of the entire fre-
quency regions is higher than −11 dB. From Figure 3(b), it is
seen that the antenna exhibits a gain greater than 1.2 dBi at the
two operating frequency regions.
To reduce the mutual coupling effects between the two el-

ements, two auxiliary ports 3 and 4 are introduced to analyze
the characteristics of the initial network according to Eq. (1).
Figure 4 provides the dual-band MIMO antenna with two aux-
iliary ports and the real and imaginary parts of the impedance
between these two ports. Figure 4(b) depicts the impedance
diagram of the antenna, where the original network exhibits ca-
pacitive characteristics when Z < 0 and inductive characteris-
tics when Z > 0. As depicted in this figure, it is observed that
the initial network exhibits a capacitive behavior within the fre-
quency range from 3.22 to 3.73GHz, while exhibits an induc-
tive behavior within the frequency range of 2.4 to 2.67GHz.

3.2. Design of Dual-Band MIMO Antenna with High Isolation
On the basis of the analysis of Subsection 3.1, the compensa-
tion network is designed to improve the isolation level between

the two elements. The compensation network consists of a neu-
tralizing line, a capacitor to compensate the inductive charac-
teristic at the lower frequency band, and two inductors to com-
pensate capacitive characteristic at the upper frequency band.
By adjusting the values of the capacitor and inductors, the de-
coupling effect can be optimized. Figure 5 provides the top
view of the proposed dual-band high-isolated MIMO antenna
and evolution procedures of the decoupling network, and the
proposed antenna is termed as Ant. 4, along with the optimized
parameters listed in its caption.
As aforementioned, the spacing between the two elements is

12mm (0.09λ at 2.4GHz). The performance of Ant. 1 is sig-
nificantly deteriorated due to the strong mutual coupling. Fig-
ure 6 provides the S21 parameters of Ant. 1 and Ant. 2. From
this figure, it can be seen that the mutual coupling in the two
bands is greatly reduced after adopting the optimized compen-
sation network. In specific, the amplitude of S21 can be as high
as −10 dB before mutual coupling compensation. After adopt-
ing the optimized compensation network, the S21 is lowered to
−21 dB and−23 dB at the lower and upper bands, respectively.

In the following, the influence of inductor of T1 and capac-
itor of C1 on antenna performance is investigated. Figure 7
provides the S21 curves verses the values of T1 and C1, from
which it can be seen that the S21 value at lower frequency band
is primarily influenced by the inductor, while the S21 value at
upper frequency band is primarily influenced by the capacitor.
To achieve a higher isolation at both bands, T1 is set to 33 nH,
and C1 is set to 0.25 pF.
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FIGURE 7. S21 with respect to (a) T1, (b) C1.

To further show the decoupling effects after adopting the
compensation network, the simulated current distributions
at the center frequency of these two bands, i.e., 2.53 and
3.47GHz, are provided in Figure 8. Port 2 is excited, while a

matched load is connected to port 1. From Figure 8, it is seen
that a strong coupled current is observed on Ant. 1 at both
frequencies, while the coupled current is greatly reduced after
adopting the designed network on Ant. 4.
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FIGURE 8. Simulated current distributions of Ant. 1 and Ant. 4 at (a) 2.53, and (b) 3.47GHz.
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FIGURE 9. Prototypes of (a) Ant. 1 and (b) Ant. 4.

4. SIMULATED AND MEASURED RESULTS
To demonstrate the performance of the designed antenna, pro-
totypes of Ant. 1 and Ant. 4 are both fabricated as depicted in
Figure 9. The prototypes aremeasuredwith anAgilent N5244A
network analyzer.
In the measurement, only S11 and S21 are measured since

Port 1 and Port 2 are reciprocal. The measured and simulated
S-parameters are provided in Figure 10(a). Good agreement
is observed between the measured and simulated results.
The isolation between the antenna elements exceeds 20 dB,
which is more than a 10 dB improvement compared to the
pre-decoupling antenna isolation. In a MIMO antenna system,
the envelope correlation coefficient (ECC) is typically adopted

to quantify the correlation between the envelopes of multiple
antenna-received signals. In practical scenarios, it is desirable
for the ECC level to remain below 0.5. The ECC value of
the designed antenna is calculated using Eq. (7), where qsml

is the complex coefficient of the spherical harmonic; the
order m (−l ≤ m ≤ l) describes the azimuthal variation of
the field; the variation in elevation depends on the degree l
and the order m; the index s ∈ {1, 2} is connected with the
components of transversal electric and transversal magnetic
waves; (·)* stands for the complex conjugate [26] and is
provided in Figure 10(b), from which it can be seen that the
ECC is less than 0.04 dB across the two frequency bands.

ECC =

∑∞
l=1

∑
l
m=−1

∑
2
s=1q

1
sml(q

2
sml)

∗√
(
∑∞

l=1

∑
l
m=−1

∑
2
s=1q

1
sml(q

1
sml)

∗)(
∑∞

l=1

∑
l
m=−1

∑
2
s=1q

2
sml(q

2
sml)

∗)
(7)

Diversity gain (DG) is another performance metric for the
mutual isolation or correlation degree of the communication
channels, which should be as close to 10 dB as possible. The
calculation formula for DG is provided in Eq. (8), and the DG
of the designed antenna is approximately 9.98 dB as can be seen
from Figure 10(c). Meanwhile, it can be observed that the con-
sistency between the simulated andmeasured data is quite good,
indicating good diversity performance.

DG = 10×
√
1− ρ2e (8)

Figure 10(d) displays the simulated and measured radiation
patterns of the designed antenna. It can be observed from
the figure that the proposed antenna exhibits approximately 8-
shaped and omnidirectional radiation patterns respectively in
E- and H-planes at either of the two operating frequencies.
Moreover, the measured radiation patterns of the antenna ex-
hibit good consistency with the simulated ones.
Mean Effective Gain (MEG) is employed to further quantify

the relationship between the average received power and aver-
age incident power of measured antennas, which can be calcu-
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FIGURE 10. Simulated and measured (a) S-parameters, (b) ECCs, (c) DGs, (d) radiation patterns, (e) MEGs, (f) Efficiencies, (g) TARCs, and (h)
CCLs.

lated by Eq. (9), and the result of the MEG should be within a
range between −3 and −12 dB. The simulated and measured
data of MEG are depicted in Figure 10(e), where the MEG
ranges between −4 dB and −10 dB.

MEG = 0.5×

(
1−

N∑
i=1

|Sij |

)
(9)

whereN represents the number of elements in MIMO antenna.
The simulated and measured radiation efficiencies and total

efficiencies are given in Figure 10(f). As shown in Figure 10(f),
it is seen that the simulated and measured antenna radiation ef-
ficiencies are both better than 85%, and total efficiencies are all
better than 75%.
Total Active Reflection Coefficient (TARC) is to be evalu-

ated, which relates the total incident power and reflected power
in the multi-antenna environment. For a two-port network,
based on S-parameter, TARC is given by Eq. (10) [27, 28],
and the TARC is less than −10 dB in the operating frequency

range as can be seen from Figure 10(g). Meanwhile, it can
be observed that the consistency between the simulated and
measured data is quite good, and hence this antenna system is
claimed to be efficient in MIMO environment.

TARC = −

√
(S11 + S12)

2
+ (S22 + S21)

2

2
(10)

Channel Capacity Loss (CCL) signifies the capacity or capa-
bility of the channel to accommodate the bandwidth, for the
two-port MIMO structure, the CCL in terms of S-parameters
is given in Eqs. (11)–(13) [29, 31]. CCL is to be \0.4 bits/s/Hz
for better performance, and from Figure 10(h), for the proposed
antenna it is \0.3 bits/s/Hz in the operating frequency range of
the antenna.

CCL = − log2 det
(
∂M
)

(11)

∂M =

[
∂11
∂21

∂12
∂22

]
(12)
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TABLE 1. Performance comparisons of reported MIMO antennas.

Reference Decoupling Method Bandwidth (GHz) Space (λ) Isolation (dB)
Efficiency

(%)
[8] Strip and DGS 3.30–5.95 0.30 > 15.0 > 47

[14] Polarization orthogonal 3.4–3.6, 4.8–4.9 0.17
> 16.8

> 11.8

> 45.7

> 42.6

[15] Spiro-Meander line EBG 5.5–6.1 0.14 > 19.0 > 40

[17] Neutralization line and ground middle slot 3.40–3.60 0.17 > 16.0 > 40

[22] Differential feed 3.06–3.81, 3.33–3.67 0.28 > 14.0 > 52

[23] Two sets of three modes with different weightings 3.25–3.92 0.11 > 14.3 > 73

Prop. Compensation network 2.4–2.67, 3.22–3.73 0.09 > 22.0 > 85



∂11 = 1−
(
|S11|2

)
+
(
|S12|2

)
∂22 = 1−

(
|S22|2

)
+
(
|S21|2

)
∂12 = − (S∗

11S12 + S∗
12S22)

∂21 = − (S∗
22S21 + S∗

21S11)

(13)

Performance comparison of our work with several recently
reportedMIMOantennas are provides in Table 1. FromTable 1,
it can be seen that our work achieves a high isolation level of
over 20 dB with the smallest element spacing and a higher ef-
ficiency of over 85%.

5. CONCLUSION
This paper presents a dual-band MIMO antenna with high iso-
lation for coal mine applications. The proposed antenna can
operate at two frequency bands of 2.4–2.67GHz and 3.22–
3.73GHz, which can effectively cover the assigned 5G NR
bands for coal mine. On the basis of the characteristic analysis
of initial network at the above dual bands, an adjustable com-
pensation network consisting of a capacitor and two inductors
on a branch is designed and optimized. An isolation level of
more than 20 dB is achieved at both of the operating frequency
bands. The results show that the antenna has a low envelope
correlation coefficient, a high diversity gain, and an appropri-
ate mean effective gain, which make it a good candidate for
coal mine applications.
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