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PAPER
Mutual Coupling Reduction for Dual-Band MIMO Antenna via
Artificial Transmission Line

Xiang XIONG†, Student Member, Wen LI†, Xiaohua TAN††, and Yusheng HU†††a), Nonmembers

SUMMARY A dual-band decoupling strategy via artificial transmission1

line (TL) for closely spaced two-element multiple-input multiple-output2

(MIMO) antenna is proposed, which consists of two composite right-/left-3

handed TLs for dual-band phase shifting and a cross-shaped TL for suscep-4

tance elimination to counteract the real and imaginary part of the mutual5

coupling coefficient 𝑆21 at dual frequency bands, respectively. The decou-6

pling principle and detailed design process of the dual-band decoupling7

scheme are presented. To validate the dual-band decoupling technique, a8

closely spaced dual-band MIMO antenna for 5G (sub-6G frequency band)9

utilization is designed, fabricated, and tested. The experimental results10

agree well with the simulation ones. A dual-band of 3.40 GHz−3.59 GHz11

and 4.79 GHz−4.99 GHz (𝑆11&𝑆22 < -10 dB, 𝑆12&𝑆21 < -20 dB) has been12

achieved, and the mutual coupling coefficient 𝑆21 is significantly reduced13

21 dB and 16.1 dB at 3.5 GHz and 4.9 GHz, respectively. In addition, the14

proposed dual-band decoupling scheme is antenna independent, and it is15

very suitable for other tightly coupled dual-band MIMO antennas.16

key words: Composite right-/left-handed transmission line, Cross-shaped17

TL, Dual-band decoupling, Multiple-input multiple-output (MIMO), Mutual18

coupling.19

1. Introduction20

Multiple-input multiple-output (MIMO) antenna technique21

exhibits fairly good properties with high data throughput22

and low time transmission delay, which has been universally23

adopted in 5G and radar systems[1]. However, the miniatur-24

ization trend in modern wireless systems making the antenna25

design still needs to consider the limited space available for26

mounting multiple antennas. Severe electromagnetic (EM)27

coupling would occur if the inter-element distance is less than28

half of the operating wavelength in free space. The strong29

EM coupling not only has effects on the radiation efficiency30

of the MIMO antenna but also declines the working capabil-31

ity in engineering applications for the MIMO antenna.32

To solve the technical contradiction mentioned above,33

several methodologies have been presented for EM coupling34

reduction. Neutralization-line technique[2], [3] is a com-35

mon decoupling approach, which aims to generate an oppo-36
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site coupling current to cancel the mutual coupling for the 37

MIMO antenna. Although the neutralization-line technique 38

can reduce EM coupling, to the best of the author’s knowl- 39

edge this way is essentially based on experimental attempts 40

and it is difficult to find a specific design criteria to use now. 41

Defected ground structure (DGS)[4], [5] can be also 42

used to increase the isolation between MIMO antenna el- 43

ements. However, the DGS is typically etched from the 44

ground plane, it will destroy the integrity of the ground 45

plane and not benefit the back-radiation performance of the 46

decoupled MIMO antennas. 47

Metamaterial (MTM) is an engineered structure and 48

possesses many interesting EM characteristics, such as neg- 49

ative permittivity or negative permeability[6], [7]. Electro- 50

magnetic bandgap structures (EBG)[8], [9], MTM-photonic 51

bandgap[10], capacitively-loaded loop[11], [12], and meta- 52

surface[13], [14] are different formats of MTM. In virtue of 53

the extraordinary characteristics of MTM, the propagation of 54

the surface wave can be prevented to alleviate the EM cou- 55

pling among the adjacent antenna elements[8]–[15]. How- 56

ever, the design process of MTM is relatively complex and 57

it always occupies a large volume which will dramatically 58

increase the package size of the communication system. 59

The decoupling and matching network (DMN)[16]– 60

[19] can furnish an effective and systematic way to miti- 61

gate the EM coupling and improve the isolation in an array 62

of MIMO systems. The working mechanism of the DMN 63

is to remove the real part of the coupling coefficient 𝑆21 64

by utilizing a section of transmission line (TL), and then, 65

a well designed anti-susceptance is designed to vanish the 66

imaginary part of the coupling coefficient and enhance the 67

isolation for the coupled MIMO antenna[19]. However, the 68

traditional DMNs[18]–[20] are limited in single-band de- 69

coupling due to the linear phase response of the TL, which 70

is not consistent with the trend of dual-band or multi-band 71

wireless systems. In order to tackle this problem, some dual- 72

band decoupling methods have been reported in [21]–[25], 73

such as the dual-band rat-race coupler in[22], the multipath 74

decoupling circuit in[24], and the hybrid resonant structure 75

in[25], et al. Though the aforementioned dual-band decou- 76

pling scheme achieves a good mutual coupling reduction, 77

some problems still exist, for instance, the narrow operating 78

band or the center-to-center space between antenna elements 79

is actually large. 80

In this work, a dual-band decoupling strategy is pre- 81

sented and investigated for the closely spaced two-element 82

dual-band MIMO antenna, which consists of two composite 83
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Fig. 1 Schematic of the proposed dual-band decoupling scheme.

right/left-handed (CRLH) TLs and a cross-shaped TL. The84

CRLH-TL with nonlinear phase response is utilized for dual-85

band phase shifting to eliminate the real part of the coupling86

coefficient 𝑆21. After that, a cross-shaped TL is employed87

to counteract the imaginary part of 𝑆21 at dual frequency88

band, then to decouple the dual-band MIMO antenna. The89

decoupling principle and design process of this methodology90

are given in Section 2. To validate the proposed decoupling91

scheme, a closely spaced dual-band MIMO antenna for 5G92

(sub-6G) utilization is designed, fabricated, and analyzed in93

Section 3. In final, the conclusions are drawn in Section 4.94

2. Dual-band Decoupling Scheme and Theory Analysis95

2.1 The Proposed Dual-band Decoupling Scheme96

As is known, for a closely spaced two-element dual-band97

MIMO antenna given in Fig.1, impedance matching is98

much easier than decoupling. Assuming the the closely99

spaced two-element MIMO antenna matches their port input100

impedance Z0 very well at the reference plane T1 but suffers101

severe EM coupling. Then, the coupled S-parameter matrix102

of the two-port network for the two-element MIMO antenna103

at the reference plane T1 can be approximately expressed as104

105 [
𝑆T1

]
=

[
0

��𝑆T1
12 (𝜔)

�� 𝑒j𝜙T1 (𝜔)��𝑆T1
21 (𝜔)

�� 𝑒j𝜙T1 (𝜔) 0

]
, (1)

106

where |ST1
12 (𝜔) | and |ST1

21 (𝜔) | denote the magnitude, while107

𝜙T1 (𝜔) represents the phase of insertion loss of the two port108

network at T1 plane. Typically, the insertion loss (𝑆12 = 𝑆21)109

stands for the levels of the EM mutual coupling between110

two MIMO antenna elements, with a higher value of 𝑆21111

indicating a stronger degree of coupling.112

As depicted in Fig. 1, the dual-band decoupling scheme113

is composed of two CRLH-TLs and a cross-shaped TL to114

eliminate the real and imaginary part of the mutual cou-115

pling coefficient 𝑆21, respectively, at the lower resonance fre-116

quency 𝜔L and upper resonance frequency 𝜔H (𝜔L < 𝜔H).117

To eliminate the real part of the 𝑆21, the characteristic118

impedance of the CRLH-TL added at the T1 plane should119

keep the same with the port input impedance Z0 and accord-120

ing to the TL theory[26], the electric length of the CRLH-TL121

at the two resonance frequencies should follow as:122

𝜃L =
1
2

[
𝜙T1 (𝜔L) ±

𝜋

2
+ 𝑘𝜋

]
, 𝑘 ∈ 𝑍, (2a)

123

(a) (b)
Fig. 2 (a) The equivalent circuit of the CRLH-TL for dual-band phase
shifting. (b) Cross-shaped TL for dual-band susceptance counteracting.

𝜃H =
1
2

[
𝜙T1 (𝜔H) ±

𝜋

2
+ 𝑘𝜋

]
, 𝑘 ∈ 𝑍, (2b)

124

where 𝑍 denotes an integer set, 𝜃L and 𝜃H represent the elec- 125

tric length of the CRLH-TL at two resonance frequencies 𝜔L 126

and 𝜔H respectively. After that, the S-parameter matrix of 127

the two-port network at reference plane T2 can be converted 128

into the corresponding admittance matrix
[
𝑌T2][26], that is 129

[
𝑌T2

L

]
=

1
𝑍0


1∓

��𝑆T1
21 (𝜔L )

��2
1±

��𝑆T1
21 (𝜔L )

��2 ∓j2
��𝑆T1

21 (𝜔L )
��

1+|𝑆T1
21 (𝜔L )

��2
∓j2

��𝑆T1
21 (𝜔L )

��
1+|𝑆T1

21 (𝜔L )
��2 1∓

��𝑆T1
21 (𝜔L )

��2
1±

��𝑆T1
21 (𝜔L )

��2
 , (3a)

130[
𝑌T2

H

]
=

1
𝑍0


1∓

��𝑆T1
21 (𝜔H )

��2
1±

��𝑆T1
21 (𝜔H )

��2 ∓j2
��𝑆T1

21 (𝜔H )
��

1+|𝑆T1
21 (𝜔H )

��2
∓j2

��𝑆T1
21 (𝜔H )

��
1+|𝑆T1

21 (𝜔H )
��2 1∓

��𝑆T1
21 (𝜔H )

��2
1±

��𝑆T1
21 (𝜔H )

��2
 . (3b)

131

Once the real part of the 𝑆21 is vanished, as illustrated 132

in Fig. 1, the cross-shaped TL is in shunted at the reference 133

plane T2. It will provide two reactive elements of suscep- 134

tance j𝐵L and j𝐵H to eliminate the imaginary part of 𝑆21 at 135

two resonance frequencies𝜔L and𝜔H, respectively. The sus- 136

ceptance j𝐵L and j𝐵H should be equal to the inverse of the 137

transfer admittance of
[
𝑌T2] at two resonance frequencies 138

𝜔L and 𝜔H, namely 139

𝐵L =
1
𝑍0

±2
��𝑆T1

21 (𝜔L)
��

1 +
���𝑆T1

21 (𝜔L)
���2 , 𝐵H =

1
𝑍0

±2
��𝑆T1

21 (𝜔H)
��

1 +
���𝑆T1

21 (𝜔H)
���2 . (4)

The CRLH-TL is employed for dual-band phase shifting 140

to eliminate the real part of 𝑆21 and whose equivalent circuit 141

model is shown in Fig. 2(a)[22], [27], [28]. With respect 142

to the LH part of the CRLH-TL, which is formed by two 143

series capacitors (2𝐶L) along with a shunt inductor (𝐿L) 144

inserted in-between. Because the phase response of LH-TL 145

is positive (phase advance), it is utilized to combine the RH- 146

TL (phase lag) to exhibit nonlinear phase response at two 147

desired frequency bands. Then, the CRLH-TL is employed 148

for dual-band phase shifting to eliminate the real part of 𝑆21 149

at the lower and upper bands. According to [27], the unit 150

phase responses for the RH-TL and LH-TL are 151

𝜑L
unit = − arctan

𝜔
𝐶L𝑍0L + 𝐿L

𝑍0L
− 1

4𝜔2𝐶L𝑍0L

1 − 2𝜔2𝐶L𝐿L

 , (5a)

152

𝜑R
unit = − arctan

𝜔
𝐶R𝑍0R + 𝐿R

𝑍0R
− 𝜔2𝐶R𝐿

2
R

4𝑍0R

2 − 𝜔2𝐶R𝐿R

 , (5b)
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Fig. 3 Layout of the closely spaced monopole MIMO antenna (reference
antenna) with 𝑤 = 8, 𝑤g = 40, 𝑤a = 1.5, 𝑤r = 3.36, 𝑤i = 1.56, 𝑤c = 0.15,
𝑤e = 0.15, 𝑙 = 3, 𝑙g = 60, 𝑙a1 = 8.54, 𝑙a2 = 11.7, 𝑙a3 = 14, 𝑙r = 2.55, 𝑙i1 = 0.3,
𝑙i2 = 0.45, 𝑠i = 0.15, 𝑠c = 0.15 (unit: mm).

153

where 𝑍0L and 𝑍0R represent the characteristic impedance154

of the RH-TL and LH-TL, respectively, given by155

𝑍0L =
√︁
𝐿L/𝐶L, 𝑍0R =

√︁
𝐿R/𝐶R. (6)

Owing to the CRLH-TL in series combined with the156

RH-TL and LH-TL, the phase of CRLH-TL can be worked157

out as158

𝜙C = 𝑁𝜑L
unit + 𝑁𝜑R

unit, 𝑁 ∈ 𝑍. (7)

Solving Eq. (5) is relatively complex. But when the159

phase response of the CRLH-TL unit is much smaller than160

𝜋/2, it can be simplified as161

𝜑L
unit ≈

(
𝜔
√︁
𝐿L𝐶L

)−1
, 𝜑R

unit ≈ −𝜔
√︁
𝐿R𝐶R. (8)

In order to eliminate the real part of 𝑆21 while keeping162

the impedance matching at two resonance frequencies 𝜔L163

and 𝜔H simultaneously. The characteristic impedance of164

the CRLH-TL should keep the same with the port input165

impedance Z0 at the reference plane T1 (𝑍0R = 𝑍0L = 𝑍0),166

and the phase response of the CRLH-TL should surrender to167

Eq. (2), that is168

𝜙C (𝜔L) = 𝑁

[
1

𝜔L
√
𝐿L𝐶L

− 𝜔L
√︁
𝐿R𝐶R

]
= −𝜃L, (9a)

169

𝜙C (𝜔H) = 𝑁

[
1

𝜔H
√
𝐿L𝐶L

− 𝜔H
√︁
𝐿R𝐶R

]
= −𝜃H. (9b)

170

When the S-parameter matrix
[
𝑆T1] of a MIMO antenna171

array is obtained, for a given number 𝑁 , combined with Eqs.172

(6)−(9), the values for 𝐿L, 𝐶L, 𝐿R, and 𝐶R of the CRLH-173

TL unit can be fetched. As depicted in Fig. 2(a), two174

conventional microstrip lines on each side of two series LH-175

TL units are employed to form the RH part of the CRLH-TL,176

whose unit electrical length 𝜃R (at 𝜔L) can be calculated177

using Eq. 8 regarding about the unit phase response of RH-178

TL (𝜃R = −𝑁𝜑R
unit).179

2.2 The CRLH-TL for Dual-band Phase Shifting180

2.3 Cross-shaped TL for Susceptance Elimination181

After the designed CRLH-TL is connected to the input port at182

11 21

T1
11Ref. SimS 
T1
21Ref. SimS 

(a)

(b) (c)
Fig. 4 (a) Simulated S-parameters of the reference MIMO antenna. The
current distribution on the monopole antenna element and its related 3D
radiation pattern at (b) 3.5 GHz. (c) 4.9 GHz.

the reference plane T1, the coupling coefficient 𝑆21 becomes 183

pure imaginary at the dual frequency bands, which can be 184

eliminated by dual-band susceptance j𝐵 as shown in Fig. 1. 185

The cross-shaped TL can provide dual-band suscep- 186

tance[29], whose geometry and parameters are illustrated in 187

Fig. 2(b). It is employed to wipe off the imaginary part 188

of 𝑆21. To be more precise, the transfer admittance 𝑌21 of 189

the cross-shaped TL is set to equal to j𝐵L and j𝐵H at two 190

resonance frequencies 𝜔L and 𝜔H respectively, to decouple 191

the dual-band MIMO antenna. Though it will produce two 192

transcendental equations that are difficult to solve, the param- 193

eters of the cross-shaped TL can be optimized by Keysight 194

Advanced Design System (ADS) to acquire an iteration solu- 195

tion. Considering that the self admittance 𝑌11 is not strictly 196

equal to 1/𝑍0 after the cross-shaped TL in shunted at T2 197

plane, a simple dual-band impedance matching circuit is 198

used at reference plane T3, as shown in Fig. 1. 199

3. Experimental Verification 200

In the following section, a closely spaced two-element dual- 201

band MIMO antenna operating at 3.5 GHz and 4.9 GHz 202

is designed to validate the proposed dual-band decoupling 203

mechanism. All circuits are printed on a low-cost 0.8-mm- 204

thick FR4 substrate with relative dielectric constant 𝜀r = 4.4 205

and loss tangent tan 𝛿 = 0.02. 206

3.1 Closely Spaced Monopole MIMO Antenna 207

Fig. 3 depicts the layout and detailed dimensions for the 208

closely spaced two-element dual-band monopole MIMO an- 209

tenna (renamed reference MIMO antenna here for easy de- 210

scription in the following article). A meander line inductor 211

paralleled with two interdigital capacitors forms an LC paral- 212

lel resonant circuit, which is inserted at 𝑙a1 in each monopole 213
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(b)
Fig. 5 (a) Phase of 𝑆21 for the reference MIMO antenna with and without
adding CRLH-TL at T1 plane and the phase of 𝑆21 for CRLH-TL itself. (b)
S-parameters of the reference MIMO antenna with and without CRLH-TL
integration at T1 plane.

antenna element to realize dual-band. When the LC parallel214

circuit resonances at 𝜔H (4.9 GHz), the equivalent circuit215

is open, leading to the stripline 𝑙a1 dominating the radiation216

at the higher resonance frequency. With respect to the ra-217

diation in the lower frequency band, the whole monopole218

stripline 𝑙a2 will take responsibility for radiation. Therefore,219

by properly adjusting the lengths of 𝑙a1 and 𝑙a2 to one-quarter220

wavelength at 𝜔H and 𝜔L (3.5 GHz), respectively, while221

concurrently calibrating the resonant frequency of the LC222

parallel circuit to 𝜔H, a desired dual-band monopole MIMO223

antenna can be realized.224

In this work, all parameters are simulated and optimized225

in 3-D full wave simulation software ANSYS HFSS. The226

simulated S-parameters of the reference MIMO antenna are227

shown in Fig. 4(a). At the lower frequency band, the -228

10 dB impedance bandwidth (BW) is 480 MHz (from 3.27229

GHz to 3.75 GHz), while at the upper band, it is 560 MHz230

(from 4.66 GHz to 5.22 GHz). In addition, Fig. 4(b) and231

(c) also illustrate the current distribution on the monopole232

and its related 3D radiation pattern. It is found most of the233

current at 3.5 GHz propagates along stripline 𝑙a1, meander234

line inductor, and then reaches the end of the monopole,235

which will precipitate the radiation at the lower frequency236

band. While at 4.9 GHz, two null current points appear at237

Null 1 and Null 2, which confirms the resonance in the LC238

parallel circuit, consequently, stripline 𝑙a2 will dominate the239

radiation at the upper frequency band.240

Since the center-to-center distance (CCD) of two an-241

tenna elements is only 9.5 mm, which is about 0.11 𝜆L (𝜆L242

represents the free-space wavelength at 3.5 GHz), it will243

make the antenna elements suffer severe EM coupling. As244

depicted in Fig. 4, the simulated mutual coupling coefficient245

𝑆21 reaches up to −8.54 dB and −10.39 dB at 3.5 GHz246

and 4.9 GHz, respectively. Evidently, the isolation for the247

reference MIMO antenna is not acceptable, therefore, much248

attention should be paid to the EM coupling reduction among249

the adjacent antenna elements, and a dual-band decoupling250

strategy is desperately required.251

3.2 Phase Shifting and Susceptance Elimination for 𝑆21252

For a given closely spaced two-element monopole MIMO253

21 21

21Cross _ Im( )Y

21Cross _ Re( )Y

T2
21Ref._Re( )Y

T2
21Ref._Im( )Y

(a)

T3
11 _UMS T3

21 _ UMS

21

21

21

21

11

11

11

11

(b)

T3
11Re( )_UMZ

(c)

T3
11Im( )_UMZ

(d)
Fig. 6 (a) Simulated𝑌21 of the cross-shaped TL and those of the reference
MIMO antenna with CRLH-TL integration at T2 plane. Simulated (b) S-
parameters, (c) Real and (d) Imaginary part of 𝑍11 with different 𝑙m2 during
the impedance matching process.

antenna, the S-parameters matrix
[
𝑆T1] at the reference plane 254

T1 is defined. The CRLH-TL with characteristic impedance 255

𝑍0 is added at reference plane T1 to realize phase shifting 256

and eliminate the real part of 𝑆21 at dual frequency bands. 257

As shown in Fig. 5(a), the phase of 𝑆21 for the reference 258

MIMO antenna without adding CRLH-TL at T1 plane is - 259

102.87◦ and -109.31◦ at 3.5 GHz and 4.9 GHz, respectively. 260

According to Eq. (2), the electric length of the CRLH-TL (𝜃L 261

and 𝜃H) for phase shifting can be obtained, and it is 83.56◦ 262

and 170.35◦ when 𝑘 is chosen to be 1 and 2 at Eq. 2(a) and 263

Eq. 2(b), respectively. Following the design rule proposed 264

in Subsection 2.2, the circuit parameters of the CRLH-TL 265

(𝐿L, 𝐶H and 𝜃R) depicted in Fig. 2(a) can be calculated from 266

Eqs. (6)−(9), which are 3.35 nH, 1.34 pF, and 80.68◦. 267

Fig. 5(a) reveals the phase response of the CRLH-TL 268

simulated by the Keysight ADS. The simulation values at 269

two resonance frequencies 𝜔L (3.5 GHz) and 𝜔H (4.9 GHz) 270

are -83.5◦ and -170.3◦, which closely match the calculated 271

values by Eq. (2). Though the circuit values in ADS have 272

been slightly tuned to 3.4 nH, 1.4 pF, and 80.18◦ for realizing 273

consideration. The phase response of 𝑆21 of the reference 274

MIMO antenna with adding two CRLH-TLs at T2 plane is 275

also given in Fig. 5(a), and it is 90.46◦ and -89.89◦, respec- 276

tively when it operates at 3.5 GHz and 4.9 GHz, which means 277

the real part of 𝑆21 is vanished after the dual-band phase shift- 278

ing. Fig. 5(b) shows the effects on the S-parameters before 279

and after phase shifting for 𝑆21, it is found that there is no 280

important influence on the impedance bandwidth and mutual 281

coupling coefficient 𝑆21. Though a slightly offsetting at the 282

low band is found, the -10 dB impedance BW still covers 283

from 3.33 GHz to 3.74 GHz. 284

Once the real part of 𝑆21 is dispelled, as depicted in 285

Fig. 6(a), the transfer admittance𝑌21 of the reference MIMO 286
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(a) (b)
Fig. 7 (a) Layout and (b) prototype of the decoupled monopole MIMO
antenna with 𝑤1= 1.2, 𝑤2 = 2.2, 𝑤3 = 1.3, 𝑤m = 0.7, 𝑙11 = 2.45, 𝑙12 = 19.6,
𝑙2 = 18.1, 𝑙3= 12.4, 𝑙m1= 1.7, 𝑙m2 = 11.8, 𝑙m3 = 2.05 (unit: mm).

antenna at T2 plane are 0 − j0.0141S and 0 + j0.0113 S at287

3.5 GHz and 4.9 GHz respectively. The cross-shaped TL288

is considered to provide the inverse of the transfer admit-289

tance𝑌21 to wipe off the imaginary part of 𝑆21 and decouple290

the reference MIMO antenna at dual-frequency band. As291

mentioned in Subsection 2.3, it is difficult to obtain an an-292

alytic solution for Eq. (4). But the function of optimiza-293

tion in Keysight ADS can provide an iterative solution, and294

the parameters of the cross-shaped TL iterated by ADS are295

0.8(𝑤1), 2.2(𝑤2), 1.3(𝑤3), 9.4(𝑙1), 18.1(𝑙2), 11.3(𝑙3), (unit:296

mm). However, the 𝑌21 obtained by ADS at 3.5 GHz and297

4.9 GHz are +j0.07 S (j𝐵L) and -j0.011 S (j𝐵H), which is not298

good enough to provide the anti-susceptance at the lower fre-299

quency band. To make the imaginary part of 𝑌21 as closely300

as possible to +j0.0141S and −j0.0113 S at 3.5 GHz and301

4.9 GHz. Further optimization of the cross-shaped TL is302

conducted in ANSYS HFSS, as shown in Fig. 6(a), the final303

optimized𝑌21 values at those frequencies are +j0.0133 S and304

-j0.096 S. The layout and parameters of the cross-shaped TL305

utilized in HFSS are depicted in Fig. 7(a).306

After that, the dual-band reference MIMO antenna is307

decoupled and the related S-parameters at T3 plane is illus-308

trated in Fig. 6(b) (gray dash dot dot line line). It can be309

seen the resonance point at the lower band has been slightly310

shifted. In addition, the resonance dip observed at 𝑆11 below311

-10 dB around the 4.25 GHz band primarily originates the312

𝑌11 of cross-shaped TL, but the peak gain of the decoupled313

MIMO antenna in this band is very low and the filter among314

the transceiver system and power amplifier will guarantee315

the undesired signal flow to communication system. To re-316

alize the input impedance matches at dual-frequency band,317

the grounded stub with a length of 𝑙m2 is inserted in-between318

a TL to adjust the input impedance of the decoupled MIMO319

antenna at T3 plane. Fig. 6(c) and (d) illustrate the effects320

of 𝑙m2 (from 11 to 13.4 mm) on the real and imaginary of321

the input impedance. When 𝑙m2 was tuned to 11.8 mm, an322

optimal input impedance at dual-band is obtained.323

The layout and ultimate dimensions of the decoupled324

T1
11Ref. SimS 
T1
21Ref. SimS 

21Dec. SimS 
11Dec. SimS 

(a)

S11
S21
S11
S21

(b)
Fig. 8 (a) Simulated S-parameters for the reference and decoupled
monopole MIMO antenna. (b) Simulated and measured S-parameters of
the decoupled monopole MIMO antenna.

(a) (b)
Fig. 9 (a) Simulated and measured envelope correlation coefficient of the
decoupled monopole MIMO antenna. (b) Diversity gain for the decoupled
and reference monopole MIMO antenna.

monopole MIMO antenna are depicted in Fig. 7(a). With 325

respect to the layout of the decoupled monopole MIMO an- 326

tenna, it is worth mentioning that a post-tuning process of the 327

circuit parameters for the CRLH-TL is needed, due to the in- 328

ductor of vias (𝜙 = 0.5 mm), the electrical length of pads (0.6 329

mm × 0.4 mm) and the capacitive coupling effect between 330

adjacent pads are not taken into account in circuit simulation. 331

The final circuit parameters of the CRLH-TL are 𝐿L = 3.3 332

nH, 𝐶H = 1.1 pF, and 𝜃R = 70.68◦, respectively. Fig. 8(a) 333

shows the simulated results comparison of the two-port S- 334

parameters between the reference and decoupled monopole 335

MIMO antenna. Compared with the reference antenna , the 336

mutual coupling coefficient 𝑆21 is improved by 20 dB at two 337

center resonance frequencies (3.5 GHz and 4.9 GHz). Fur- 338

thermore, the isolation 𝑆21 of two ports drops to below -20 339

dB at both two frequency bands (3.39 GHz−3.59 GHz, 4.81 340

GHz−5.01 GHz). Meanwhile, the reflection coefficient 𝑆11 341

is better than -10 dB and the CCD of two antenna elements 342

is only 0.11𝜆L, showing good performance of the proposed 343

dual-band decoupling scheme. 344

3.3 Performances of the Decoupled MIMO Antenna Array 345

3.3.1 S-Parameters 346

To further validate the decoupling performance of the pro- 347

posed dual-band decoupling strategy used in the closely 348

spaced two-element dual-band MIMO antenna, a prototype 349

of the decoupled monopole array is fabricated and presented 350
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(a) (b)
Fig. 10 Simulated and measured (a) Total active reflection coefficient
(TRAC), and (b) Capacitance loss (CL) for referenced and decoupled
monopole MIMO antenna.

in Fig. 7(b). Herein, the Murata surface mount technol-351

ogy (SMT) chip components with a package size of 0402 (1352

mm × 0.5 mm) are adopted to make up the LH part of the353

CRLH-TL, and the Agilent N5244A vector network analyzer354

is employed to test the two-port S-parameter of the decou-355

pled monopole array. As depicted in Fig. 8(b), the measured356

results are well consistent with the simulation ones. The357

discrepancy, specifically the slight frequency shifting in the358

upper band, can originate from the fabrication tolerance and359

the variation of the dielectric constant of the FR4 substrate.360

3.3.2 Envelope Correlation Coefficient and Diversity Gain361

The envelope correlation coefficient (ECC) is a crucial pa-362

rameter to evaluate channel isolation for a MIMO antenna,363

which can be derived from either the radiation patterns or S-364

parameters. In this work, for simplicity, ECC calculated by365

the S-parameters is chosen[5]. According to the definition366

of ECC for two-port S-parameters, it is367

ECC(𝜌e) =
��𝑆∗11𝑆12+𝑆∗21𝑆22

��2(
1−|𝑆11 |2−|𝑆21 |2

) (
1−|𝑆22 |2 − |𝑆12 |2

) . (10)

As illustrated in Fig. 9(a), the simulated and measured368

ECCs of the decoupled monopole MIMO antenna are all369

below 0.05 at both interested frequency bands, which are370

much lower than the criterion for practice to use (ECC <371

0.5) [5]. It means that pretty good isolation is achieved by372

employing the proposed dual-band decoupling strategy.373

For a well-decoupled MIMO system, the diversity gain374

(DG) can be utilized to estimate the diversity performance for375

weakly correlated MIMO antenna elements. Supposing the376

well-matched two-element MIMO antenna is lossless and in377

a uniform/isotropic random field case (the receiving antenna378

is under the same condition), DG can be inferred by the ECC379

calculated above as[25], [30]:380

𝐷𝐺 = 10
√︁

1 − ECC(𝜌𝑒). (11)

As depicted in Fig. 9(b), the performance of the DG for381

the well-decoupled MIMO antenna array approaches 10 dB382

at both interested frequency bands, which is evidently better383

(a) (b)

(c) (d)

Fig. 11 Radiation patterns of the decoupled monopole MIMO antenna
at (a) 3.5 GHz in 𝑥𝑜𝑧 plane. (b) 3.5 GHz in 𝑦𝑜𝑧 plane. (c) 4.9 GHz in
𝑥𝑜𝑧plane. (d) 4.9 GHz in 𝑦𝑜𝑧 plane.

than the reference one. At the same time, the DG of the 384

decoupled MIMO antenna is inferior to that of the reference 385

antenna ranging from 4.1 GHz to 4.5 GHz, this is because the 386

isolation of the decoupled MIMO antenna is less effective 387

to the reference one, despite the reflection coefficient of the 388

decoupled MIMO antenna being lower than -10 dB. 389

3.3.3 TRAC and Capacity Loss 390

It is well known that the traditional S-parameter matrix 391

can not precisely describe the bandwidth for a MIMO an- 392

tenna system, however, the total active reflection coefficient 393

(TARC) takes the influence of the mutual coupling and in- 394

cident wave phase into account, which is a better choice to 395

characterize the performance of the whole MIMO antenna 396

array[9], [25], [30]. The TARC can be calculated by 397

Γ𝑡𝑎 =

√︂(��(𝑆11 + 𝑆12𝑒 𝑗 𝜃
) ��2 +

�� (𝑆21 + 𝑆22𝑒 𝑗 𝜃
) ��2)/√2, (12)

where 𝜃 is the excitation phase angle. 398

Under the high signal-to-noise ratio circumstances, the 399

channel capacity loss (CL) induced by the correlation matrix 400

can be obtained as 401

𝐶L = − logdet(𝜓R)
2 , (13)

where 𝜓R is the correlation matrix for a two-element MIMO 402

antenna system, and the elements belonging to the correla- 403

tion matrix can be inferred from 404

𝜓𝑖𝑖 = 1 −
(
|𝑆𝑖𝑖 |2 +

��𝑆𝑖 𝑗 ��2) , 𝑖 ≠ 𝑗 = 1, 2, (14a)

405
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Fig. 12 Simulated and measured peak gain of the decoupled monopole
MIMO antenna.

𝜓𝑖 𝑗 = −
(
𝑆∗𝑖𝑖𝑆𝑖 𝑗 + 𝑆∗𝑗𝑖𝑆 𝑗 𝑗

)
, 𝑖 ≠ 𝑗 = 1, 2. (14b)

406

As illustrated in Fig. 10, the tendency of the TRAC for407

the decoupled MIMO antenna and the reference antenna is408

similar to its S-parameters respectively. In the meantime,409

the CL of the decoupled MIMO antenna array is better than410

the referenced one at both two interested frequency bands.411

3.3.4 Radiation Patterns and Peak Gain412

Fig. 11 depicts the simulated and measured normalized far-413

field radiation patterns of the decoupled monopole MIMO414

antenna at 3.5 GHz and 4.9 GHz in the 𝑥𝑜𝑧 plane and 𝑦𝑜𝑧415

plane, respectively. During the testing process, we keep one416

port (port1) of the MIMO antenna array activated while the417

other one (port 2) is terminated by a 50-ohm matching load.418

The radiation patterns of the decoupled monopole MIMO419

antenna are quasi-omnidirectional and the measured peak420

gain of the decoupled monopole MIMO antenna are basically421

same as the simulated ones at both frequency bands, as shown422

in Fig.12.423

3.3.5 Decoupling Performance Comparison424

In order to show the decoupling performance of the pro-425

posed dual-band decoupling strategy, a comparison list with426

different dual-band decoupling methods is listed in Table 1.427

Compared with the EBG in [9], TLDN in [21], Metal strips428

in [23], decoupling circuits in [24], and resonant structure429

in [25], the proposed dual-band MIMO antenna shows bet-430

ter decoupling performance in the achieved BW (𝑆11&𝑆22 <431

-10 dB, 𝑆12&𝑆21 < -20 dB) and CCD between the antenna432

elements at both interested bands.433

4. Conclusion and Discussion434

In this work, a dual-band decoupling strategy for two-435

element closely spaced MIMO antenna is proposed, which436

consists of two CRLH-TLs and a cross-shaped TL. The437

CRLH-TL with nonlinear phase response is employed to438

eliminate the real part of 𝑆21, while the cross-shaped TL will439

provide anti-susceptance to counteract the imaginary part of440

𝑆21 to decouple the MIMO antenna at both frequency bands.441

Table 1 Performance Comparisons with the Previous Publications.

Ref. Method Frequency
(GHz)

Achieved
BW (%)

CCD
(𝜆L, 𝜆H)

[9] EBG 3.48, 4.88 5.1, 8.1 0.46, 0.65
[21] TLDN 2.45, 5.25 4.0, 4.2 0.09, 0.20
[23] Metal strips 2.4, 5.1 5.4, 3.7 N. A.
[24] Decoupling circuit 2.45, 5.77 9.1, 2.6 0.18, 0.43
[25] Resonant structure 4.5, 5.5 2.2, 1.8 0.45, 0.55
This Artificial TL 3.5, 4.9 5.4, 4.1 0.11, 0.16

A 5G (sub-6G) dual-band monopole MIMO antenna is de- 442

signed, decoupled, and fabricated, the measured results agree 443

well with the simulation ones. The decoupled antenna proto- 444

type achieves a dual-band of 3.40 GHz−3.59 GHz and 4.79 445

GHz−4.99 GHz, moreover, the center-to-center space be- 446

tween antenna elements is only 0.11𝜆L at 3.5 GHz, showing 447

good decoupling performance for closely spaced dual-band 448

MIMO antenna. Besides, the proposed dual-band decou- 449

pling method is based on the two-port S-parameters matrix, 450

which is antenna independent and can be expanded to de- 451

couple other dual-band two-element MIMO antenna. 452
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