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Abstract 
 

The paper presents, a compact planar two-element ultrawideband (UWB) multiple-input, and multiple-output (MIMO) 
antenna. The work constitutes a half-circle shape radiating and lowered ground plane monopole antenna. The total area of 
the UWB MIMO antenna is 13.5 × 30 × 1.6 mm3. The proposed structure has an impedance bandwidth of 150% (1.6 - 11.4 
GHz) in simulation and about 145% (1.8 - 11.3 GHz) in measurement and average isolation better than 30 dB in the UWB 
range. Various diversity parameters are also evaluated as described below. Envelope correlation coefficient (ECC) is less than 
0.001, diversity gain (DG) is more than 9.9, mean effective gain (MEG) is below - 6 dB, channel capacity loss (CCL) is less than 
0.2 bps/Hz, total active reflection coefficient (TARC) less than -10 dB, and multiplexing efficiency less than zero over an 
operating frequency band. The time-domain analysis is carried out, particularly group delay and fidelity factor. The results of 
time-domain analysis guarantee that the output pulses are less sensitive to interference.  
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1. Introduction  

The advancement in technologies such as the internet of things 

and its applications, global positioning systems, cellular 

communication, etc., greatly relies on wireless 

communication. In recent years, modern wireless 

communication systems witnessed many new technologies 

that make communication systems more reliable. 

Simultaneously the data traffic increases exponentially day by 

day, demanding high data rate, compact size, and security.[1] To 

meet this requirement, two promising technologies are 

evolved (1) ultrawideband (UWB), (2) multiple-input, and 

multiple-output (MIMO). The UWB technology offers an 

unlicensed bandwidth of 7.5 GHz for short-range wireless 

communication applications in the range from 3.1 - 10.6 GHz 

allotted by the federal communication commission (FCC).[2]  

The power radiation in UWB is regulated to below -41.3 

dBm/MHz. This technology provides a large bandwidth and 

hence increases channel capacity. However, the confinement 

of effective isotropic radiated power (EIRP) results in an 

aggravating problem of multipath and channel fading. 

Communication systems require a technology that uses 

multipath fading in favorable scenarios rather than mitigation 

to overcome this problem. One such technology is MIMO. 

Therefore, the integration of UWB and MIMO provides 

increased link reliability. 

The increase in channel capacity in UWB MIMO is by 

placing more antennas at the transmitter and receiver. But the 

incorporation of multiple antennas in a compact size (like 

mobile communication) introduces strong interference 

amongst the antenna elements known as mutual coupling. 

Hence, it is necessary to have strong isolation among the 

antenna element in UWB MIMO to achieve an increased 

channel capacity. 

Several studies have been conducted over the last decades 

to increase the isolations or reduce the mutual coupling among 

the elements of UWB MIMO antennas. Broadly all techniques 

are classified into two ways: suppressing the mutual coupling 

and providing an alternate current path. Orthogonal placement 

of antennas results in high isolation between the antenna 

elements.[3-5] This technique holds good for the design where 

antenna dimensions are not a severe constraint. Modifying the 

ground plane by engraving slits, and slots, and introducing 

stubs increases the isolation amongst the element by 
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disturbing the surface current distribution.[6-15] The shape of 

parasitic elements such as slits, slots, and stubs is vital because 

the structures are frequency-dependent. Decoupling between 

the MIMO antenna is accomplished by providing the 

additional matching network that mitigates the mutual 

impedance among the antenna elements.[16] The metamaterial 

elements in a MIMO antenna system disrupt the current 

distribution and decouples between neighboring antenna 

components. Metamaterial structures resonant behavior limits 

the magnetic field well within the stimulated antenna, 

suppressing mutual coupling. The literature unveils different 

approaches to metamaterial utilization onto radiating and 

ground planes of the MIMO antenna system. The loading of 

metamaterial shapes such as split-ring resonators and their 

variants engrosses the coupling effect between the elements.[17-

19] The array of metamaterial structures are commonly referred 

to as metasurface. The metasurface loading into the antenna 

structure like electromagnetic bandgap,[20,21] frequency 

selective surface,[22,23] and composite right and left-hand unit 

cell[24] behaves as band stop filter and leads to suppression of 

mutual coupling. The stimulation of different orthogonal 

characteristic modes suppresses the coupling effect and results 

in a very low correlation.[25] The techniques mentioned above 

belong to the category of suppressing the coupling effect. The 

neutralization line[26-28] technique delivers reduced mutual 

coupling by providing alternate current paths. A combination 

of any aforementioned methods can also be utilized for 

improving isolation in MIMO antennas.[29] This paper 

proposes a two-element MIMO antenna consisting of a half-

circle shape UWB monopole antenna with an impedance 

bandwidth of 145% (1.8 - 11.3 GHz). For enhancement of 

isolation[30] is considered as a reference and lowered ground 

plane and spiral stub help in achieving good isolation. The 

proposed antenna structure exhibit isolation better than 30 dB 

over operating bandwidth. MIMO diversity parameters are 

evaluated for the effectiveness of the design and suitability for 

MIMO applications. 

 

2. Antenna design 

The proposed UWB MIMO antenna is modeled on Flame 

Retardant 4 (FR-4) substrate with a dimension of 13.5 × 30 × 

1.6 mm3, as depicted in Fig. 1. FR-4 is glass-reinforced epoxy 

laminate material having the properties of electric permittivity 

of 4.4, the dielectric loss tangent of 0.02, and thickness of 1.6 

mm. This configuration has two elements placed side by side 

with a separation of 9.2 mm. A 50 Ω microstrip line feeds the 

antennas. The antenna element is made up of a half-circle 

shape monopole patch, the common lowered ground plane 

having a spiral stub. The appropriate selection of the half-

circle patch length helps achieve impedance bandwidth in the 

UWB range. The stub on the ground plane terminates the 

maximum coupling current and creates a local path. This 

change in surface current distribution results in improved 

isolation.  

 
Fig. 1 Two-element UWB MIMO structure (dimensions in mm). 

 

The surface current distribution of the proposed antenna 

configuration at frequencies 3.15 GHz and 8.52 GHz are 

depicted in Fig. 2. Current distribution is examined by 

stimulating one port and terminating the other port for 

matched conditions. The maximum current is at the feedline 

of the patch and is limited to the stub and ground plane. The 

adjacent element has negligible current influence from the 

stimulated antenna element as illustrated in Fig 2. This 

confirms that the addition of stubs on the ground plane 

improves the isolation of the MIMO antenna elements. 

 
Fig. 2 Current distribution of UWB MIMO by terminating port 2 

at (a) 3.15 GHz, (b) 8.52 GHz. 

 

3. Results and discussion  

The proposed antenna configuration is simulated in high-

frequency structure simulator (HFSS) software based on a 

finite element method solver from analysis of systems 

(ANSYS). Various parameters are studied, such as S-

parameters, radiation patterns, and diversity parameters, to 

assess the effectiveness of the design. The prototype of the 

proposed design is depicted in Fig. 3. 

 
Fig. 3 Prototype of proposed UWB MIMO antenna (a) radiating 

plane (b) ground plane. 

 

3.1 S-parameters and Radiation pattern 

The S-parameters of the proposed antenna structure are 

depicted in Fig. 4. It has an impedance bandwidth ranging 

from 1.6-11.4 GHz in simulation and about 1.8-11.3 GHz 
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Fig. 4 Simulated and measured S-parameters of the proposed 

UWB MIMO antenna. 

 

under measurement, thus, covering the UWB range. The 

decoupling structure at the ground plane provides isolation 

below 30 dB in the UWB range. Validation of simulated 

results is performed by fabricating the proposed design on an 

FR-4 substrate.  

Equations 1 and 2 depict reflection (S11/S22) and 

transmission coefficients (S12/S21) using source impedance (ZS) 

and load impedance (ZL). 

𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =  
𝑍𝐿−𝑍𝑆

𝑍𝐿+𝑍𝑠
                     (1) 

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =  
2𝑍𝐿

𝑍𝐿+𝑍𝑠
               (2) 

The radiation pattern can be represented as a graphical 

representation of received power as a function of a spherical 

coordinate system, as in equation 3. The radiation intensity for 

far-field is: 

𝑈 =   𝑟2 𝑊𝑟𝑎𝑑  =   𝐵0 𝐹(𝜃, 𝜙)  =  ≃
𝑟2

  𝜂
  [|𝐸𝜃(𝑟, 𝜃, 𝜙)|2 +

 |𝐸𝜙(𝑟, 𝜃, 𝜙|
2

]                                 (3) 

where 𝑈  radiation intensity (W/unit solid angle), 𝑊𝑟𝑎𝑑 

radiation density (𝑊/𝑚2), 𝐸(𝑟, 𝜃, 𝜙) far zone electric field 

intensity of the antenna, 𝐸𝜃 , 𝐸𝜙  far zone electric field 

components of antenna, 𝜂 intrinsic impedance of the medium. 

The radiation pattern of the proposed UWB MIMO structure 

for the frequencies 3.15 GHz and 8.52 GHz is shown in Fig. 5. 

The figure describes for ϕ-polarized elements (0 and 90 

degrees) in the two principal planes E and H are nearly 

bidirectional and omnidirectional pattern. 

 

3.2 Diversity Parameters 

Various diversity parameters are evaluated using S-parameters 

to determine the efficacy of the proposed antenna 

configuration as follows. The envelope correlation coefficient 

(ECC) is less than 0.001and diversity gain (DG) is greater than 

9.9 over impedance bandwidth as depicted in Fig. 6a. The 

mean effective gain (MEG between port 1 and 2) is less than -

6 dB, and channel capacity loss (CCL) is less than 0.2 bps/Hz 

as shown in Fig. 6b. The aforementioned diversity parameters 

are calculated using S-parameter as follows[31-34]: 

The correlation coefficient is given by equation 4, 

𝜌𝑖𝑗  =   
− ∑ 𝑆𝑛𝑖

∗  𝑆𝑛𝑗
𝑁
𝑛=1

√(1−∑ |𝑆𝑛𝑖|2𝑁
𝑛=1 )(1−∑ |𝑆𝑛𝑗|

2𝑁
𝑛=1 )

       (4) 

ECC is defined as the square of the correlation coefficient, and 

for a two-element MIMO antenna, ECC is described in 

equation 5. 

𝐸𝐶𝐶 =   
 |𝑆11

∗  𝑆12+𝑆21
∗  𝑆22|2

(1−|𝑆11|2−|𝑆21|2)(1−|𝑆22|2−|𝑆12|2)
            (5) 

Equations 6-8 are used for calculating DG, MEG, and CCL for 

projected antenna design: 

𝐷𝐺 =  10√1 − 𝐸𝐶𝐶2                                 (6) 

𝑀𝐸𝐺𝑖  =  0.5(1 − ∑ |𝑆𝑖𝑗|𝑀
𝑗=1 )                      (7) 

𝐶𝐶𝐿 =   −𝑙𝑜𝑔2 det(𝛼)𝑅                           (8) 

where 𝛼𝑅 is the receiving antenna correlation matrix for two-

element 𝛼𝑅 is as follows: 

 
Fig. 5 Radiation pattern of the proposed design at two principle planes (a) 3.15 GHz, (b) 8.52 GHz. 
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Fig. 6 MIMO Diversity parameters of UWB MIMO (a) envelope correlation coefficient (ECC) and diversity gain (DG) (b) mean 

effective gain (MEG) and channel capacity loss (CCL). 

 

𝛼𝑅  =  |
𝜌11 𝜌12

𝜌21 𝜌22
|,  

where 𝜌𝑖𝑖  =  1 − |∑ 𝑆𝑖,𝑛
∗  𝑆𝑛,𝑖

𝑁 = 2
𝑛 = 1 |  and 𝜌𝑖𝑗 =

−|∑ 𝑆𝑖,𝑛
∗  𝑆𝑛,𝑗

𝑁 = 2
𝑛 = 1 |, For 𝑖, 𝑗 =  1, 2. 

The variation in the power needed for a MIMO antenna 

(under test) to attain a certain capacity in contrast to the ideal 

standard MIMO antenna is defined as multiplexing efficiency 

(ME). In addition to the above-mentioned diversity parameters, 

the total active reflection coefficient (TARC) provides 

effective operating bandwidth of the MIMO antenna by 

considering the coupling and random signal combination. The 

TARC and ME of the proposed design are well below the -10 

dB and less than -1 dB over impedance bandwidth as depicted 

in Figs. 7a and 7b, respectively. These values illustrate that the 

proposed antenna configuration is well-suitable for MIMO 

applications. The value of TARC and ME are calculated using 

S-parameters, as shown in equations 9 and 10. 

𝑇𝐴𝑅𝐶 =  √
(𝑆11+𝑆12)2+(𝑆21+𝑆22)2

2
                          (9) 

𝑀𝐸 =  √𝜂𝑖𝜂𝑗(1 − |𝜌𝑖𝑗|
2

)                                (10) 

where 𝜂𝑖 , 𝜂𝑗 are total efficiency of ith and jth element, 𝜌𝑖𝑗  is 

the correlation coefficient between the ith and jth element.  

 

3.3 Time-domain analysis 

The specifications defined by the federal communication 

commission (FCC) for designing ultrawideband (UWB) 

antennas require additional design parameters other than the 

normal antennas. The UWB offers an unlicensed 7.5 GHz 

frequency band between 3.1 to 10.6 GHz for short-range 

communication. For this purpose, UWB uses short pulses for 

transmitting and receiving signals. In this process, there is a 

chance of getting signal distortion and dispersion because of 

the communication path and distance. Additional parameters 

analysis is required to quantify this effect, such as group delay, 

fidelity factor, and isolation, to ensure that transmitted and 

received signals are in phase.[35] 

 
Fig. 7 MIMO diversity parameters of UWB MIMO (a) total active reflection coefficient (TARC) (b) multiplexing efficiency (ME). 

(b)(a)

(a) (b)
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Fig. 8 Group delay of the proposed antenna design (a) face-to-face (b) side-to-side orientation. 

 

To analyze the above-mentioned parameters, two identical 

designed antennas, i.e., face-to-face and/or side-to-side 

orientation, are placed at a 100 mm distance. So that 

transmitted and received pulse properties can be examined for 

smooth communication. To evaluate the linear phase between 

transmitted and received pulses, group delay (𝜏𝑔(𝜔)) or time 

delay of the system is used. The group delay is a derivative of 

the phase response of the system with respect to the angular 

frequency. The fidelity factor (FF) examines the transmitted 

and received pulse shape and not amplitude of the pulses. It 

gives information about pulse distortion. The group delay and 

FF can be evaluated using the following equations 11 and 14, 

𝜏𝑔(𝜔)  =   −
𝑑𝜑(𝜔)

𝑑𝜔
                    (11) 

where φ is the phase between the ports. 

To evaluate FF, normalized transmitted (𝑇𝑠
𝑛) and received 

a pulse (𝑅𝑠
𝑛) is evaluated by equations 12 and 13, respectively.   

𝑇𝑠
𝑛  =   

𝑇𝑠(𝑡)

√∫ |𝑇𝑠(𝑡)|2𝑑𝑡
∞

−∞

                               (12) 

𝑅𝑠
𝑛  =   

𝑅𝑠(𝑡)

√∫ |𝑅𝑠(𝑡)|2𝑑𝑡
∞

−∞

               (13) 

𝐹𝐹 =  max ∫ 𝑇𝑠
𝑛(𝑡)  𝑅𝑠

𝑛(𝑡 + 𝜏)
∞

−∞
𝑑𝑡          (14) 

The group delay of the proposed design for side-to-side 

and face-to-face orientation is depicted in Fig. 8. It can be 

observed that the group delay is less than 1 ns except for some 

frequency over impedance bandwidth.    

A side-to-side and face-to-face orientation is used for 

calculating the fidelity factor. The input and output signals are 

normalized, as depicted in Fig. 9. Normalization is used to 

guarantee that just the structure of the signals is evaluated 

rather than their amplitude. The similarity between the 

transmitted and received pulses is calculated using the earlier 

equations' fidelity factor and listed in Table 1. The calculated 

fidelity factor values ensure that the pulse received at the 

receiver has a more negligible effect of interference. 

Table 1. Fidelity factor for different orientations and ports. 

Orientation Ports Fidelity factor 

Side to Side 
1 and 3 99.62 

1 and 4 99 

Face to Face 
1 and 3 98.73 

1 and 4 99.13 

 

4. Performance comparison  

Table 2 summarizes the performance of antennas from various 

 
Fig. 9 Normalized amplitude of input and output pulses (a) face to face (b) side to side. 
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Table 2. Comparison analysis with existing literature designs. 

Reference 
Dimension 

(mm2) 

Bandwidt

h (GHz) 

Isolation 

(dB) 

Diversity parameters 𝜏𝑔(𝜔) 

(ns) 

FF 

(%) A B C D E F 

J. Tao et al.[9] 18×34 2.93-20 <-22 <0.01 >9.95 <1 <-20 - <0 - - 

L. Y. Nie et al.[10] 120×110 3-10 <-38 
<0.00

02 
- - - - - - - 

L. Y. Nie et al.[11] 50×60 2.98-10 <-31.4 <0.5 ≈10 - - - - - - 

L. Wang et al.[12] 35×50 3-11 <-25 
<0.00

4 
- - - - - - - 

M. Agarwal et 

al.[13] 
35×46 2.1-11.4 <-24.5 <0.04 ≈10 - - - - - - 

S. Luo et al.[14] 39×30 3-11 <-20 <0.02 >9.8 - <-5.7 - - - - 

A. H. Jabire et 

al.[19] 
43×34.9 3-10.7 <-25 0.01 ≈10 - - - - - - 

J. Zhu et al.[36] 35×35 3-12 <-20 <0.3 - <-3 - - - - - 

J. Y. Deng et 

al.[7] 
30×40 3.1-10.6 <-15 <0.15 - - - - - <1 - 

A. Iqbal et al.[37] 50×30 2.5-14.5 <-20 <0.04 >7.4 - - - <-.5 - - 

G. Srivastava et 

al.[38] 
36×18 3.2-12 <-22 <0.01 - - - <0.4 - - - 

This Work 13.5×30 1.6-11.4 <-30 <0.01 >9.9 <-6 <-10 0.2 <0 <1 99 

*- not available, A-ECC, B-DG, C-MEG, D-TARC (dB), E-CCL (bps/Hz), F-ME (dB)  

 

literature to emphasize the merits of the presented MIMO 

antenna. The presented antenna has wide bandwidth with good 

isolation and diversity parameters. 

 

5. Conclusions 

This communication presents a compact two-element MIMO 

antenna operating in the UWB range. The stub on the ground 

plane assists in achieving isolation stronger than 30 dB in the 

UWB spectrum. The diversity parameters ECC, DG, MEG, 

CCL, TARC, and ME have been analyzed to examine the 

effectiveness of the proposed antenna configuration. These 

results confirmed that the MIMO antenna proposed is 

appropriate for wireless UWB applications. Time-domain 

analysis (group delay and fidelity factor) is also performed on 

the proposed MIMO antenna design, and its results confirm 

that the output pulses are less exposed to inter-symbol 

interference.  
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