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ABSTRACT In this paper, spatial and polarization diversities are simultaneously implemented in an ultra-

wideband (UWB) multiple-input-multiple-output (MIMO) antenna to reduce the correlation between the 

parallel-placed radiators. The keystone of the antenna is systematically modified coplanar ground planes that 

enable excitation of circular polarization (CP). To realize one sense of circular polarization as well as ultra-

wideband operation, an extended rectangular slot is etched on the left-hand-side of the coplanar waveguide 

(CPW) feed. This is combined with the asymmetrical ground plane geometry on the right-hand-side of the 

feeding line. The current flowing on the slotted ground plane forms a quasi-loop and generates CP, whereas 

the combination of the vertical current on the feedline and the horizontal current on the asymmetric ground 

plane adds to the axial ratio (AR) bandwidth. To implement the MIMO design with polarization and spatial 

diversity, the position of the coplanar ground planes is switched with respect to the feedline, and placed in a 

parallel formation with the edge-to-edge distance of 0.29λ0. All geometrical parameters are optimized at the 

full-wave level of description before prototyping and experimental characterization. Simulation and measured 

results indicate that the proposed MIMO antenna features approximately 82% impedance bandwidth from 

2.9 GHz to 7.1 GHz and 68.5% (3.1 GHz- 6.35 GHz) AR bandwidth. Moreover, the peak envelop correlation 

coefficient (ECC) is below 0.003, which corresponds to almost no correlation between the radiators. The 

antenna can be operated with either bidirectional or unidirectional characteristics, covering multiple 

commercial application bands including WLAN and WiMax.    

INDEX TERMS Circular polarization antennas, MIMO antennas, compact antennas, wideband antennas, 

simulation-driven design. 

I. INTRODUCTION 

Owing to the multiple-input-multiple-output (MIMO) 

technology, the modern wireless communication era has 

witnessed enormous improvement in the spectral efficiency 

and robustness of the wireless communication links [1, 2]. The 

MIMO systems transmit and receive multiple streams of data 

over multiple channels, which improves the link reliability, 

data rates and the channel capacity while employing limited 

power and bandwidth. Moreover, the MIMO systems have 

demonstrated a capacity to dramatically increase the overall 

system capacity, particularly in a rich multipath environment 

[3-5]. The long time maturity of MIMO wireless 

communications technology can be inferred from the state of 

current wireless communication systems. It has shown signs 

of becoming a major factor in the increased productivity 

demands from industry and it is a major enabling factor in the 

growing prominence of the signal reliability and the overall 

system capacity in the current 4G wireless standard as well as 

the forthcoming 5G and 6G standards. Furthermore, this 

technology is expected to be the key enabler for long-

envisaged, compact, highly integrated autonomous 

applications in various sectors [6].  



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2020.2984697, IEEE Access

 

VOLUME XX, 2017 9 

The design of modern and improved MIMO antenna systems 

has been fostered by the aforementioned advancements in 

wireless industry. In particular, the performance of the MIMO 

system can be further improved by establishing parallel sub-

channels provided that the data transmitted and received is 

uncorrelated [7, 8]. The antenna correlation can be diminished 

by implementing various decoupling and isolation techniques 

for reducing mutual coupling between the radiators. The 

shortcomings of these techniques include added complexity 

and the cost of the circuit [9-11]. An alternative solution to 

reduce correlation and to improve the system capacity is a 

utilization of diversity techniques. In the multi-path channels, 

the signal fading is caused by the interference from the 

reflected signal which severely affect the reliability of the 

received signal.  The signal fading can be decreased by using 

divers systems by using diversity combining [12]. Spatial 

diversity is an effective approach to improving antenna 

isolation and hence reducing the correlation between the 

MIMO antennas. In this technique, the antennas are physically 

separated from each other with the minimum acceptable edge-

to-edge distance of half of a wavelength [13, 14]. The 

drawback of this technique, particularly pertinent to 

electrically large antennas, is the undesired increase of the 

physical size of the structure. In [15-17], it has been 

established that by implementing various diversities, including 

pattern and polarization ones, or the combination thereof, can 

improve the performance of the MIMO system by reducing 

the correlation between the transmitted/received data signals. 

However, majority of the antenna designs in the literature are 

either linearly polarized (LP) or operate in a very narrow band 

hence limiting the capacity of wireless communication 

systems, especially in a dense multipath environment.   

On the other hand, circularly polarized (CP) antennas are 

known for their strong immunity to multipath effects, 

absorption losses, signal attenuation, mismatch losses and low 

sensitivity to physical orientation [18-23]. The effect of 

circular polarization diversity on the capacity of a MIMO 

system has been studied in [24] using a polarization 

reconfigurable antenna. It has been demonstrated that in 

contrast to LP antenna diversity, CP antenna with polarization 

diversity can significantly increase the system performance 

particularly in the line of sight (LOS) scenario.  Although 

polarization reconfigurable antennas can be deemed suitable 

for MIMO applications, switching between the polarization 

states requires additional active circuit components, making 

the antenna circuit cumbersome and costly.   

In this paper, polarization and spatial diversities are combined 

to design an ultra-wideband circularly polarized MIMO 

antenna with almost no correlation between the radiators. The 

proposed design is based on a carefully shaped coplanar 

waveguide fed slot structure. One side of asymmetrically 

printed coplanar ground plan is etched to form a slot and to 

generate a guided quasi-loop path for the current flow. This 

induces one sense of circular polarization in the antenna. To 

further broaden the axial ratio (AR) bandwidth, the horizontal 

current on the shortened ground plane and the vertical current 

on the quarter wavelength microstrip line monopole are 

combined to form a tilted current and to generate an additional 

CP mode. The advantage of this design is the ease of changing 

the sense of polarization from right-hand CP (RHCP) to the 

left-hand CP (LHCP), by simply switching the position of the 

ground plane with respect to the feed line. For realizing the 

MIMO antenna with circular polarization diversity, the two 

antennas are placed parallel with edge-to-edge distance of 

only 0.29λ0. The total footprint of the single antenna is only 

0.34 λ0 × 0.38 λ0= 0.13λ0
2 with the total size of the MIMO 

structure of 0.34λ0
2 when calculated at the lowest operating 

frequency. The electrically small size of the individual antenna 

element reduces the edge-to-edge spatial distance from the 

conventional half wavelength to less than one third of the 

wavelength. A low level of envelop correlation coefficient 

(ECC) evaluated from the far field is below 0.003 can be 

attributed to the combination of spatial and polarization 

diversity. Overall, the antenna features a wide impedance and 

axial ratio bandwidth with stable bidirectional/unidirectional 

radiation characteristics.  

 
II. ANTENNA DESIGN AND ANALYSIS 

A. ANTENNA DESIGN AND MIMO IMPLEMENTATION 

The geometry and parameterization of the proposed 

antenna has been shown in Fig. 1. The antenna is printed on 

single-sided laminated Rogers RO4003 substrate 

(permittivity εr = 3.38, tangent loss tan δ = 0.0027, thickness 

h = 0.813 mm). In the first step, a single-element ultra-

wideband CP antenna is designed by systematic 

modifications of the conventional coplanar waveguide 

coplanar ground planes. A 50-ohm quarter-wavelength 

microstrip line monopole with the length lm = 26 mm and a 

coplanar gap g = 0.6325 mm is used to excite the antenna. 

The microstrip line monopole is designed to operate with the 

lower cut-off frequency of 3 GHz. The symmetry of the 

coplanar ground planes is broken along the longitudinal 

direction of the excitation line and a slot is etched in the 

elongated ground plane to form a quasi-loop. For exciting 

RHCP, the slotted ground plane is located on the left-side of 

the feedline, whereas for inducing LHCP in the same 

antenna, the position of the ground planes is mirrored with 

respect to the feedline as depicted in the Fig. 1. The external 

dimensions of the two-element MIMO antenna are ws × ls = 

99.7 mm × 33.5 mm. For isolation |S21| ≥ –20 dB, the two 

antennas are placed in parallel with edge-to-edge distance of 

28.9 mm which corresponds to approximately one-third of 

the wavelength at the lowest operating frequency of the 

antenna. The computational model of the antenna is 

implemented and simulated using CST Microwave Studio 

and optimized at the full-wave level of description. The final 

values of the geometry parameters are listed in Table I. The 

proposed MIMO antenna can be operated with bidirectional 

radiation characteristics with polarization diversity in each 
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direction. Additionally, the antenna is made to operate with 

polarization diversity in a directional manner by placing a 

flat metallic reflector behind the antenna. For constructive 

interference of the reflected signal, the minimum distance of 

the reflector is a quarter wavelength.     

B. CIRCULAR POLARIZATION MECHANISM 

For inducing CP diversity and to retain simplicity of the 

circuit, the proposed two-element MIMO antenna is 

implemented in a parallel formation. To explain the circular 

polarization mechanism and the polarization diversity, the 

magnetic surface current distribution is shown in Fig. 2(a).  
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FIGURE 1. Geometry of the proposed CP MIMO antenna. 
 
Table 1. Final (optimized) parameter values in mm 

Parameter Value  Parameter Value  Parameter Value  

ls 33.5 lsl 7.31 ls2 10.49 
ws 99.73 wsl 3.90 ws2 7.48 
lg1 14.52 lg2 33.5 Lm 26.0 
wg1 15.81 wg2 17.18 ls3 4.73 
g 0.6325 d 10.76 ws3 1.74 
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FIGURE 2. (a) Circular polarization mechanism of the proposed antenna with 
magnetic current distribution at 3.5 GHz; (b) magnetic current at 5 GHz (c) Port 
1 surface current; (d) Port 2 surface current. 

When Port 1 (left-hand-side) is excited, the antenna operates 

with right-hand circular polarization. The quasi-loop formed 

in the left-side ground plane by the etched slot creates a path 

for the current flow generating one sense of CP. The current 

flow highlighted using arrows indicates formation of the 

loop-like structure in the counter-clockwise direction as 

illustrated in Fig. 2(a). It is well-known that traveling wave 

current distribution forming a loop generates circular 

polarization [25]. The axial ratio (AR) bandwidth is further 

extended by the additional CP mode shown in Fig. 2 (b). The 

position of the dominant field components is shown for 

different angular times at 5 GHz. The vertical current 

components on the microstrip line monopole and the 

horizontal current on the ground plane form orthogonal 

currents with the phase progression, and generate additional 

CP. For reproducing the same antenna with left-hand circular 

polarization, the position of the coplanar ground planes is 

simply switched with respect to the microstrip line. The 

direction of the current highlighted using arrows illustrates 

the clockwise rotation of the current; consequently, left-hand 

CP is realized. The same phenomenon occurs for the 

additional CP mode generated by the asymmetrical ground 

plane and the feedline. To illustrate the port-to-port isolation, 

the absolute surface current distribution is shown in Figs. 

2(c) and 2(d). It can be seen that the amount of energy 

leaking from one port to another is very small. The average 

achieved isolation level is below –20 dB (with the edge-to-

edge distance of one third of the wavelength), which is 

attributed to the small size of the antenna elements.    

C. BIDIRECTIONAL RADIATION PATTERN 

The proposed antenna can be operated with both 

unidirectional and bidirectional radiation characteristics. To 

illustrate the bidirectional behavior of the antenna, the 

radiation patterns for both ports is shown in Fig. 3 at 3.5 GHz 

and 5.5 GHz. The antenna excited from Port 1 radiates RHCP 

in the +z-direction and LHCP in the –z-direction while the 

antenna excited from Port 2 radiates LHCP in the +z-

direction and RHCP in the –z-direction. It is can be observed 

that the pattern in each direction is the same with a slight tilt 

away from the broadside direction. The minor beam tilt is 

due to the asymmetrical and hence uneven current 

distribution on the ground planes. 
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(a)                                                        

 
(b)                                                            

FIGURE 3. Radiation pattern of the proposed antenna. RHCP (solid) and LHCP 
(dashed): (a) Port 1 3.5 GHz (black) and 5.5 GHz (blue) and (b) Port 2 3.5 GHz 
(black) and 5.5 GHz (blue). 

The average realized gain of the antenna when operated 

without a reflector is 3.04 dBic. With the directional 

radiation pattern, the proposed antenna can be used for 

several indoor applications including tunnels, underground 

mines and subways. 

D. ANTENNA REALIZED GAIN VS. REFLECTOR 
DISTANCE 

This section investigates the dependence of antenna gain on 

the reflector distance. The primary condition for the reflector 

to work effectively is to maintain its distance from the 

antenna equal to the quarter wavelength. The size of the 

reflector also plays a vital role in reflecting the 

electromagnetic energy into a particular direction. Due to the 

wideband nature of the antenna and the finite size of the 

reflector, the aforementioned condition can only be met for 

a certain frequency band. The analysis in Fig. 4 indicates that 

the realized gain does vary with the reflector distance. It is 

important to mention here that near 5 GHz, the radiated fields 

are dominated by the microstrip line monopole (cf.2(b)) 

which is of low gain due to omnidirectional radiation 

characteristics. The antenna is optimized and characterized 

only for 3.5 GHz distance. Note that the antenna AR 

bandwidth is adversely effected when only the reflector 

distance is adjusted.  

 
FIGURE 4. Realized gain versus reflector distance.  

 

This shows that all the antenna adjustable parameters need to 

be re-optimized if other values of reflector distance are to be 

used.    

III. NUMERICAL RESULTS AND EXPERIMENTAL 
VALIDATION 

A. S-PARAMETERS AND AXIAL RATIO 

The prototype of the proposed MIMO antenna with circular 

polarization diversity is shown in Fig. 5. The antenna has 

been characterized in the anechoic chamber of Reykjavik 

University, Iceland, for all major performance figures. Due 

to identical structure of both radiators, the characterization 

of the antenna is only performed for one port with the second 

port terminated with a 50-ohm load. The simulated and 

measured reflection coefficient |S11| is shown in Fig. 6. The 

results indicate that the antenna features wide a impedance 

bandwidth of up to 82% from 2.9 GHz to 7.1 GHz. Another 

very important performance metric is the isolation between 

the two antennas.  

 
(a)                                                          

 
(b) 

 
FIGURE 5.. Antenna prototype and the characterization setup: (a) Front view, 
(b) Perspective view. 
 

 
FIGURE 6. Reflection response |S11|: simulation (gray) and measurement 
(black). 

 

FIGURE 7. Isolation characteristic |S21|: simulation (gray) and measurement 

(black). 
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FIGURE 8. Axial ratio AR: simulation (gray) and measurement (black).  

The simulated and measured |S21| of the antenna is 

illustrated in Fig. 7. The averaged isolation value achieved is 

well below –20 dB. This is realized with the edge-to-edge 

distance of only 0.29 λ0. It is important to emphasize here 

that the total footprint of the individual antenna is only a 

fraction of the wavelength when calculated at the lower cut-

off frequency. The improved isolation level is attributed to 

the relatively small size of each antenna element and the 

intrinsically uncorrelated nature of the polarization diversity. 

The axial ratio of the antenna is illustrated in Fig. 8. The 

measured results demonstrate that the proposed MIMO 

antenna features a wide axial ratio bandwidth of 

approximately 68.5% covering the frequency range from 3.1 

GHz to 6.35 GHz.    

B. REALIZED GAIN AND EFFICIENCY 

The simulated and measured realized gain of the antenna 

with reflector is shown in Fig. 9. As the function of the 

reflector is to reflect the electromagnetic energy and redirect it 

to the broadside direction, the distance of the reflector from 

the antenna should be a quarter wavelength. The peak realized 

gain achieved for the proposed antenna is approximately 6 

dBic when the distance is set according to the lower cut-off 

frequency. The average realized gain without the reflector is 

3.04 dBic. Due to the wideband nature of the antenna, the 

reflector distance conditioned to a quarter wavelength can 

only cover part of the spectrum. The gain can be further 

improved by implementing a large size cavity on integrating 

the antenna a sidewall of a large object such as a vehicle or 

train.   The radiation and the total efficiency of the antenna is 

depicted in Fig. 10. The average in-band radiation efficiency 

of the antenna is 98% with peak value reaching up to 99.7%. 

Moreover, the total average efficiency of the antenna is 

approximately 92%.  

 
FIGURE 9. Realized gain with reflector: simulation (gray) and measurements 

(black), without reflector (….) 

 
 
FIGURE 10. Simulation (gray) and measured (Black) antenna radiation 
efficiency (—) and total efficiency (- - -). 

 C. RADIATION PATTERN ANALYSIS 

The radiation pattern of the antenna is characterized with the 

integrated flat reflector behind the radiator, which guides all 

the electromagnetic energy to the broadside direction. The 

radiation characteristics are analyzed in the two principal 

planes, the xz- and yz-plane, at three frequency frequencies, i.e. 

3.5 GHz, 4.5 GHz and 5.5 GHz for Port 1 with Port 2 is 

terminated by a matching load.   

 

 
 

 
 

(a)                                                        (b) 

 
FIGURE 11.  Simulation (gray) and measured (black) normalized radiation 

pattern of the proposed MIMO antenna at 3.5 GHz, 4.5 GHz and 5.5 GHz 
respectively (a) xz-plane (b) yz-plane.  
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The orientation of the antenna is according to the coordinate 

system given in Fig. 1. The sense of polarization of Port 1 is 

RHCP in the +z-direction and LHCP in –z-direction. The 

normalized results in the form of polar plots are depicted in 

Fig. 11 which shows stable radiation characteristics of the co-

polarized fields in the +z-direction. A minor beam tilt away 

from the broadside is attributed to the asymmetrical topology 

of the coplanar ground plane. The cross-pol level is well below 

the co-pol particularly in the broadside direction. This shows 

the suitability of the proposed MIMO antenna for applications 

requiring directional antennas. The radiation pattern of port is 

similar to port one, with the only difference being the sense of 

polarization. 

D. ENVELOPE CORRELATION COEFFICIENT AND 
DIVERSITY GAIN 

 

In the MIMO wireless communication systems, ECC is one 

of the major figures of merit used for quantifying the 

performance in terms of diversity. This parameter can be 

evaluated from the scattering parameters of the ports, but this 

is only applicable to highly efficient antennas. Due to the 

wideband nature of the antenna at hand, the efficiency varies 

across the operating band. 

 

Additionally, the channel capacity of the communication 

system is not affected directly by the port scattering 

parameters, rather by the spatial behavior of the antenna. 

Therefore, the ECC is evaluated from the far-field pattern over 

a sphere using the following formula.    

    

𝜌𝑒 =
|∬4𝜋[𝐹𝑖⃗⃗  ⃗(𝜃,𝜙)∗𝐹𝑗⃗⃗  ⃗(𝜃,𝜙)]𝑑Ω|2

∬4𝜋|𝐹𝑖⃗⃗  ⃗(𝜃,𝜙)|2∗∬4𝜋𝐹𝑗⃗⃗  ⃗(𝜃,𝜙)|2
                 (1) 

The calculated ECC results shown in Fig. 12 indicate that there 

is almost no correlation between the two relatively closely 

space antennas. The diversity gain (DG) is another 

performance figure that measures the enhancement in the 

signal to noise ratio (SNR). The signal received through 

different branches of the communication network is collected 

and the SNR is calculated. Through DG analysis, the 

improvement offered by the MIMO antenna compared to 

single-input-single-output (SISO) can be estimated. It is 

important to mention here that there is a direct relation 

between the ECC and DG, which is 

 

𝐷𝐺 = 10√1 − |0.99𝜌𝑒|2                          (2) 

 

The DG is calculated using (2) and the corresponding results 

are shown in Fig.13. It can be observed that the proposed 

antenna offers almost 99.9 DG. 

E. BENCHMARKING 

For comprehensive benchmarking, the proposed MIMO 

antenna is compared with the recent state-of-the-art designs.  

 

FIGURE 12. Calculated Envelop Correlation Coefficient.   

 
 

FIGURE 13. Calculated diversity gain. 

The comparison is done based on several major performance 

figures including the type of diversity adopted, polarization of 

the antenna, the overall radiator size (calculated with respect 

to the lower cut-off frequency), the level of isolation, peak 

realized gain, AR bandwidth and the impedance bandwidth. 

The data related to referenced designs is gathered in Table II. 

For impartial comparison, the lowest operating frequencies are 

also included in the table. It can be observed that the proposed 

MIMO antenna outperforms the referenced designs in almost 

all fronts except the size, which is fractionally large. But due 

to the fact that other figure of merits, particularly the AR 

bandwidth and the impedance bandwidth of the proposed 

antenna are significantly wider, the slightly larger size can be 

considered as a trade-off between the footprint and the overall 

(both electrical and field) performance.   

IV. CONCLUSION 

In this paper, an ultra-wideband circularly polarized MIMO 

antenna with polarization and spatial diversity is presented. 

The polarization diversity is implemented by first designing a 

CP antenna with one sense of polarization. A coplanar 

waveguide feeding is used with asymmetrical ground planes 

along the longitudinal axis of the microstrip line. One side of 

the ground plane is etched to create a loop-like path for the 

current flow. This induces one sense of CP and the 

vertical/horizontal current on the feedline and the shortened 

ground plane contribute to the axial ratio bandwidth. To alter 

the sense of polarization, the position of the coplanar ground 

planes is switched with respect to the excitation line. To 

implement polarization and spatial diversity, the two antennas 

are placed in a parallel formation with the spatial distance of 
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0.29λ0. The antenna features a wide impedance bandwidth, 

AR bandwidth, stable bidirectional/unidirectional radiation 

pattern, low level of ECC and high diversity gain. The antenna 

covers a large frequency spectrum and it is suitable for 

applications requiring bidirectional/unidirectional radiation 

characteristics.     
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TABLE II   COMPARISON WITH STATE-OF-THE-ART MIMO ANTENNAS 

Reference 
Operating 

frequency (GHz) 
Diversity 

type 
Polarization Size 

[λo
2] 

Isolation 
(dB) 

Peak Gain 
(dBic) 

%AR %BW 

[3] 5.5 Polarization Circular 0.25 13 ~ 4.5 4.7 ---- 

[12] 5.3 Polarization Linear/Circular 0.43 18 2.85 2.32 16.28 

[13] 3.3 Polarization Linear 0.61 25 4 ---- 28.5 

[26] 2.4 Polarization Dual 0.09 12 2.79 ---- 20 

[27] 5.2 Polarization Circular 0.16 22 5.8 18.3 18.3 

[28] 2.4/5.15 --- Linear 0.26 15 ---- ---- 8.2 

Proposed 3 Polarization Circular 0.34 22 6 68.5 82 
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