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Abstract ─ In this paper, three Vehicular multiple-input 

multiple-output (MIMO) 5G antenna systems have been 

constructed from using a newly developed 5G cellular 

branched Monopole element are presented. The MIMO 

systems operates in the 5G frequency bands (617MHz-

5GHz) with a compact structure that allows for up to four 

elements to be integrated in the same Sharkfin. The 3 

configurations of MIMO systems have been simulated 

using HFSS, measured on a 1-meter ground plane 

(GND), then measured on a vehicle roof and the 

individual antenna parameters in terms of reflection 

coefficient and efficiency have captured. The MIMO 

antenna systems performance in terms of passive 

isolation, combined radiation pattern, envelope 

correlation coefficient (ECC), and diversity gain (DG) 

have been reported and discussed. 

 

Index Terms ─ Automotive antennas, correlation 

coefficient, 5G, 2x2 and 4x4 MIMO systems. 
 

I. INTRODUCTION 
With the expansion of the cellular systems being 

integrated in cars to support the connected vehicle effort, 

a need for multiple antennas support wireless service has 

emerged. The Multiple Input Multiple Output (MIMO) 

system consists of two antennas or more that receive or 

transmit multiple layers of orthogonal data streams from 

cellular base stations which allow for increased channel 

capacity, data rate and the total throughput of the system 

without increasing the operating frequency band or  

the transmit power [1]. To this date, 2X2 MIMO 

configuration with de-correlated antennas that receive 

two data streams is being used to realize downlink 

reception in modern vehicles [2]. The performance of the 

MIMO system is highly dependable on the efficient 

design of the MIMO antennas that should low correlation 

between them and a high total antenna efficiency [3].  

An important characteristic of the communication 

systems is the ECC between received signals of the 

antennas that construct the MIMO system. Small ECC 

values are crucial to increase transmission capacity as 

well as to improve the multipath fading. ECC tells how 

independent MIMO antennas radiation patterns are, for 

example, for a 2X2 MIMO system, if one antenna is 

vertically polarized and the other one is horizontally 

polarized then the ECC value will be 0. There are 2 ways 

to calculate the ECC in a MIMO system [4], the first 

method used S parameters to find ECC and it assumes 

lossless/60% or more efficient antennas which is 

unrealistic. Whereas the second method (which is more 

accurate) used throughout this paper utilizes radiation 

patterns of individual antennas to calculate the ECC  

of MIMO system. Modern vehicles are equipped with 

multiple wireless services such as Global Navigation 

Satellite Systems (GNSS), Remote Keyless Entry 

(RKE), Satellite Digital Audio radio service (SDARS), 

etc. [5]-[7]. Each of these services requires dedicated 

antennas and it is unfeasible to distribute them all over 

the vehicle and consequently they all integrated in a 

single package (Sharkfin). Since the available space  

with the Sharkfin for each antenna is much smaller than 

the wavelengths at the which the antenna expected to 

operate, issues such as antenna size and bandwidth 

limitations as well as passive port isolation between 

different elements within the Sharkfin will take place. 

Furthermore, the Sharkfin size limitation will also 

impact the port isolation and correlation of MIMO 

antennas and impose some challenges to design an 

antenna system that satisfies the diversity requirements 

[8],[9]. 

In [10], [11], 2X2 MIMO systems based on 

Monopole and PIFA elements respectively have been 

introduced, however the bandwidth of operation is  

very small (700-925MHz). The 2X2 MIMO systems 

bandwidth have been increased to cover from 790MHz 

to 3GHz with reasonable antenna dimensions and an 

ECC of less than 0.3 and 0.05 in [12] and [13] 

respectively but the bandwidth of operation doesn’t 

cover 5G frequencies (617MHz-5GHz). In [14]-[18], the 

authors have developed 2X2 MIMO structures that are 

constructed from either Monopoles or PIFA elements 

with a less than 0.5 ECC however, these MIMO systems 

are only covering LTE (698MHz-3GHz) frequency 

bands and not 5G frequencies. A much broader 
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bandwidth (700MHz-6GHz) with less than 0.16 of  

ECC (using first method in [4]) is achieved by authors in 

[19] but it doesn’t include the B71 band (617MHz-

698MHz) as well as it comes at an increased volume 

(70x70x29𝑚𝑚3) which makes it impossible to fit in 

production Sharkfins. Finally, a 4X4 MIMO system is 

presented in [20], However, B71 frequency band is not 

included (which will introduce a big challenge trying to 

fit the antenna in a sharkfin), there are no information 

about system volume, and also the work has not been 

supported by either ground plane or vehicle measurements 

data. Several studies outside the automotive industry 

have targeted decoupling antennas in a MIMO system 

packaged in a small volume with various techniques like 

the use of electromagnetic band gap (EBG) structures 

[21], Ceramic Superstrate-Based Decoupling Method 

[22], and metamaterials [23]-[27]. The automotive 

MIMO systems presented in this work do not require a 

special decoupling mechanism. In fact, decoupling of 

antennas is obtained by mainly using spatial and pattern 

diversity at the low and high band respectively which 

puts more burden on compactness and performance of 

building block antenna element.  

This work introduces three novel MIMO structures; 

configuration I of a 2x2 MIMO antenna system, 

configuration II of a 2x2 MIMO antenna system, and a 

4x4 MIMO antenna system. The three structures are 

mainly developed for automotive industry to cover 5G 

cellular frequencies (617MHz-5GHz), fit in a car roof 

sharkfin, and have an inherited GNSS frequencies 

rejection which makes it easy to integrate with other 

antennas within a sharkfin. In this work, HFSS has been 

used to simulate the 3 MIMO systems configurations, 

then the systems have been measured inside and 

anechoic chamber on ground plane and on a vehicle roof. 

The antennas important parameters such as of reflection 

coefficient, isolation, total efficiency, radiation pattern 

have been captured. Then an Octave code is used to 

calculate the ECC and DG from the captured data. 

The work in this paper is organized in two sections: 

Section II explains the theory about correlation coefficient 

and diversity gain calculation equations and it also shows 

the design goals. Section III presents the proposed 2x2 

MIMO configurations, the novel 4x4 MIMO system, and 

finally a comparison between proposed systems and 

available work in literature.  
 

II. MIMO ANTENNA SYSTEMS 

PERFORMANCE METRICS 
All the most important metrics in MIMO antenna 

systems are ECC and DG. The ECC can be related to the 

electric field radiation pattern through the equation in [4] 

as below:  

𝜌𝑒,𝑖𝑗 = ||
∫ ∫ (𝑋𝑃𝑅 .  𝐸𝜃𝑖 .  𝐸𝜃𝑗
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where 𝐸𝜃𝑖 and 𝐸𝜃𝑗 are the values of electric field in the 

theta axis while 𝐸∅𝑖 and 𝐸∅𝑗 are the values of electric 

field in phi axis. XPR is the cross-polarization 

discrimination factor tells the difference between 

incident electromagnetic wave vertical and horizontal 

polarization. 𝑃𝜃 and 𝑃∅ are the theta and phi power 

densities. Equation (1) can be simplified by setting XPR 

= 1 assuming uniform power densities. 

The other MIMO system performance metric is the 

DG which is defined as the quantified improvement in 

signal-to-noise ratio (SNR) by the receiving signals from 

the MIMO antennas and usually calculated in dB. The 

DG can be calculated as in [28]: 

 𝐷𝐺 = 𝐷𝐺0. 𝐷𝐹. 𝐾, (2) 

where 𝐷𝐺0 is the ideal case diversity gain which is 

10dB. 𝐷𝐹 is the degradation factor which shows how 

much the ECC impacts DG and is calculated as: 

√(1 − 𝜌). 𝐾 represents the ratio of the mean effective 

gain (MEG) between the MIMO antenna elements (𝐾 =
𝑀𝐸𝐺𝑖 𝑀𝐸𝐺𝑗)⁄ . 𝑀𝐸𝐺 is the effective gain ratio at the 

antenna element, in other words 𝑀𝐸𝐺 is the received to 

incident power ratio at the element. (K∼=1) condition 

should be satisfied for received signals by MIMO 

systems assuming good channel characteristics.  

 

III. COMPARATIVE STUDY OF THE 

PROPOSED MIMO SYSTEMS 
In this section, three different MIMO antennas 

configurations are being studied. The building block for 

each configuration is the branched Monopole element in 

Fig. 1. The MIMO configurations are then simulated and 

measured on a 1-meter ground plane and on a vehicle’s 

roof inside an anechoic chamber. The obtained data from 

simulations and chamber measurements are directly 

reported whereas ECC and DG results are generated 

using Octave software for each MIMO configuration in 

this section. Table 1 shows general design guidelines: 

 

Table 1: Design guidelines 

Parameter Value 

Polarization Vertical Linear 

Polarization (VLP) 

Reflection Coefficient -5.4dB (3.3VSWR) at 

5G bands 

Avg. Total Efficiency 60% 

Isolation Minimum 10dB across 

5G bands 

ECC Less than 0.5 

 
A. Configuration I of a 2x2 monopole-based MIMO 

system 

Figure 1 shows the Monopole element that will be 

used construct high order MIMO structures. The antenna  

functions in the 5G frequency bands (617MHz-5GHz). 
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Multiple current paths have been realized by adding 2 

arms to the antenna covering 5G frequencies of interest. 

Band (617 MHz – 960 MHz) is mainly covered by Arm 

1 currents whereas band (1.71-5 GHz) frequencies are 

radiated by Arm 2 as in Fig. 1. To obtain omnidirectional 

radiation pattern, high efficiencies, and good matching 

performance,  Arm1 and Arm2 of the antenna are loaded 

at 
𝝀𝑳𝑩

𝟒
  and 

𝝀𝑯𝑩

𝟒
 distances from ground plane respectively 

where 𝝀𝑳𝑩 and 𝝀𝑯𝑩 are the mid-low and mid-high bands 

wavelengths respectively. The geometrical values of the 

building block antenna are shown in Table 2. 
 

 
 

Fig. 1. Building block antenna with side and front views, 

arms structure, and antenna dimensions. 
 

Table 2: Values of the geometrical parameters of MIMO 

systems building block antenna 

Parameter Value 

(mm) 

Parameter Value 

(mm) 

H 60 Lg1 9 

L 38.5 Lg2 2 

W 14.9 Ls 2.6 

Ha1 30 La2 39.8 

Ha2 29.3   

 

 
 

Fig. 2. Configuration I of a 2x2 MIMO system placement 

on vehicle roof and simulation setup. 
 

 

 

 

 

 

 

The two Monopole elements were cut from a metal  

sheet and placed in such a way that will result in an 

omnidirectional combined radiation pattern as well as  

a minimal ECC value. The system is simulated then 

measured on 1-meter GND and on a car’s roof with a 

port-to-port distance of 135mm (which is higher than 
𝝀𝑳𝒐𝒘𝒆𝒔𝒕_𝒇𝒓𝒆𝒒

𝟐∗√𝜺𝒓
 = 114mm on FR4 PCB with εr = 4.4) between 

Monopole elements. Figure 2 shows Configuration I of a 

2x2 MIMO systems on a car roof. 

The performance of Antenna1 (Ant1) and Antenna2 

(Ant2) of this MIMO system has been reported in terms 

of reflection coefficient and isolation as in Fig. 3. Both 

antennas show an agreement between simulation and 

GND measurement. Good reflection coefficient values 

have been observed of a worse of -5.6dB and -6.4dB at 

617MHz of Ant1 and Ant2 respectively with reasonable 

GNSS bands (1560MHz-1190MHz) rejection. Figure 3 

also shows a good isolation between Ant1 and Ant2 in 

this configuration of a worse case 12dB (expressed as  

-12 dB in S21 format).  

Next, the total efficiencies of Ant1 and Ant2 have 

been captured after a successful placement of the MIMO 

system on 1-meter GND and then on a car roof and  

the results are shown in Fig. 4. Both antennas exhibit 

higher efficiencies when placed on GND compared to 

placement on a car roof. It can be noticed that both 

antennas measured on GND have an average total 

efficiency of 79.8% across all 5G frequency bands while 

the average total efficiencies decrease to 74% and  

71% when measured on a car roof for Ant1 and Ant2 

respectively. 

Simulation, GND measurement, and vehicle 

measurement of a combined MIMO system radiation 

pattern sample have been presented in Fig. 5. The sample 

represents a Gain theta horizontal cut at 80 degrees of 

theta and four frequencies namely 617MHz, 1900MHz, 

3900MHz, and 5000MHz to provide a good idea about 

the system performance. The combined MIMO system 

pattern is obtained by measuring each antenna when the 

other antenna is loaded by a 50Ohm terminator and  

then combine the resultant individual antenna patterns 

selecting the maximum values of Gain theta between 

Ant1 and Ant2 measurements for a specific phi-frequency 

pair at 80 degree of theta. Finally, the average gain of the 

MIMO system combined radiation patterns measured on 

car roof is found to be -1.14dBi, 3.15dBi, 1.81dBi, and 

2.84dBi at frequencies 617MHz, 1900MHz, 3900MHz, 

and 5000MHz, respectively. 
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Fig. 3. Configuration I of a 2x2 MIMO system simulated 

and measured: (a) Antenna1 S11 in dB, (b) Antenna2 

S11 in dB, and (c) S21 between Antenna1 and Antenna2 

in dB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Antenna efficiency for Configuration I MIMO 

systems Monopoles measured on GND and on vehicle 

roof for frequency ranges: (a) 617-960MHz, (b) 1710-

2690MHz, and (c) 3400-5000MHz. 
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Fig. 5. Combined radiation pattern of simulation, GND measurement, and vehicle measurement in (dBi) at theta = 80 

deg. for frequencies: (a) 617 MHz, (b) 1900 MHz, (c) 3900 MHz, and (d) 5000 MHz. 

 
ECC and DG on GND and on car roof for 

configuration I of a 2x2 MIMO systems are depicted in 

Fig. 6 (a) and Fig. 6 (b) respectively. The two figures 

suggests that higher values of ECC and consequently 

lower values of DG occurs at low frequencies (i.e., 

617MHz) because the wavelength is big which leads to 

more correlation between the antennas. In this MIMO 

configuration an ECC of better than 0.13 and a DG of 

better than 9.92dB have been realized. 
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Fig. 6. Configuration I of a 2x2 MIMO system: (a) 

envelope correlation coefficient, and (b) diversity gain. 

 
B. Configuration II of a 2x2 monopole-based MIMO 

system 

Similar to Configuration I in subsection A, two 

Monopole elements have been placed on a Printed 

Circuit Board (PCB) with a distance of 125mm (from 

port to port) between them. The monopoles are place on 

the back of the roof of a car as in Fig. 7 to allow for an 

omnidirectional combined radiation pattern. 

The performance of Ant1 and Ant2 of this MIMO 

system has been reported in terms of reflection coefficient 

and isolation as in Fig. 8. Both antennas show an 

agreement between simulation and GND measurement. 

Good reflection coefficient values have been observed 

from GND measurements of a worse of -7.4dB and  

-6.4dB at 617MHz of Ant1 and Ant2 respectively  

with reasonable GNSS bands rejection. Figure 8 also  

shows a good isolation between Ant1 and Ant2 in this 

configuration of a worse case 15dB (expressed as -15 dB 

in S21 format). 

 

 
 
Fig. 7. Configuration II of a 2x2 MIMO system placement 

on vehicle roof and simulation setup. 

 
A comparison of on GND and on vehicle 

measurements of Ant1 and Ant2 total antenna efficiencies 

in this configuration is illustrated in Fig. 9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 8. Configuration II of a 2x2 MIMO system 

simulated and measured reflection coefficient for: (a) 

Antenna1, (b) Antenna2 in dB, and (c) S21 between 

Antenna1 and Antenna2 in dB. 
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Fig. 9. Total antenna efficiency for Configuration II 

MIMO systems monopoles measured on GND and on 

vehicle roof for frequency ranges: (a) 617-960MHz, (b) 

1710-2690MHz, and (c) 3400-5000MHz. 
 

The GND measurement has an average efficiency 

higher than 76% for both elements across all 5G bands  

whereas the vehicle measurement is 5% less namely an 

average total efficiency of 71.7%. 

ECC and DG on GND and on car roof for 

configuration II of a 2x2 MIMO systems is depicted  

in Fig. 10 where an ECC of better than 0.02 and an 

approximately 10dB of DG has been achieved using this 

configuration. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 10. Configuration II of a 2x2 MIMO system (a) ECC 

and (b) DG. 

 
Figures 11 (a)-(d) presents combined radiation 

patterns of horizontal cuts at elevation 80 degrees  

for frequencies 617MHz, 1900MHz, 3900MHz and 

5000MHz utilizing the same method described in 

subsection A. 

The average gain values recorded from the 

combined vehicle radiation patterns are -0.71dBi, 

3.16dBi, 0.57dBi, and 1.51dBi at frequencies 617MHz, 

1900MHz, 3900MHz, and 5000MHz, respectively. 
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Fig. 11. Combined radiation pattern of simulation, GND measurement, and car measurement in (dBi) at theta = 80deg. 

for frequencies: (a) 617 MHz, (b) 1900 MHz, (c) 3900 MHz, and (d) 5000 MHz. 

 

C. A 4x4 monopole-based MIMO system 

In this subsection, four Monopole elements are 

integrated in the same sharkfin to operate as a 4x4 

MIMO system. The building block antenna element  

for this configuration is the same antenna used in 

subsections A and B of this section. The four elements 

are placed in such a way that, the combined radiation 

pattern is omnidirectional with good isolation and 

correlation figures between antennas. The system 

placement on the car roof and simulation setup are 

shown in Fig. 12. The distances between Monopole pairs 

in this MIMO systems are listed in Table 3.  

 

 
 

Fig. 12. A 4x4 MIMO system placement on vehicle roof 

and simulation setup. 
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Table 3. Values of the geometrical parameters of MIMO 

systems building block antenna 

Elements Pairs Distance (mm) 

Ant1-Ant2 77 

Ant1-Ant3 141 

Ant1-Ant4 180 

Ant2-Ant3 100 

Ant2-Ant4 118 

Ant3-Ant4 70 

 

The simulated reflection coefficient (in dB) for  

each element in this configuration is shown in Fig. 13. 

The four elements from Ant1 to Ant4 shows good 

matching characteristics across the whole 5G bands  

with a reflection coefficient of less than -5.2dB and a 

reasonable GNSS bands rejection. 

The isolation in terms of S21 between each pair of 

antennas within this 4x4 MIMO system is shown in  

Fig. 14. In general, the shorter the distance between  

the antennas, the worse the isolation is. However, the 

antenna placement and orientation also contribute to the 

overall isolation performance. A worse value of 10dB  

of isolation between Ant1-Ant2 and Ant2-Ant4 can  

be observed from the GND measurements on the 617-

960MHz band. 

Using similar approach for combining individual 

antennas radiation patterns as in subsection A, the 

combined radiation patterns at 80 degree of theta for the 

four elements are shown is Fig. 15. Higher average gain 

values are observed from the combined vehicle radiation 

patterns measurements compared to the other 2x2 

configurations. The average gain is found to be: -0.88dBi, 

4.64dBi, 3.14dBi, and 3.74dBi at frequencies 617MHz, 

1900MHz, 3600MHz, and 5000MHz, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 13. 4x4 MIMO system simulated and measured 

reflection coefficient in dB for: (a) Antenna1, (b) 

Antenna2, (c) Antenna3, and (4) Antenna4. 
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Fig. 14. 4x4 MIMO system simulated and measured Isolation in dB between: (a) Ant1 and Ant2: (b) Ant1 and Ant3; 

(c) Ant1 and Ant4; (d) Ant2 and Ant3; (e) Ant2 and Ant4; (f) Ant3 and Ant4. 
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Fig. 15. Combined radiation pattern of simulation, GND measurement, and vehicle measurement in (dBi) at theta = 

80 deg. for frequencies: (a) 617 MHz, (b) 1900 MHz, (c) 3900 MHz, and (d) 5000 MHz. 

 

The on GND and on car roof measured efficiencies 

are reported in Figs. 16 (a), (b), and (c) for the four 

antenna elements in this MIMO system. It can be noticed 

that the GND measurement has an average total 

efficiency higher than 72.5% for all the four elements 

across the whole 5G frequency bands whereas the 

vehicle measurement has a reduced average total 

efficiency of slightly higher than 65% for all elements. 

The ECC and DG were also calculated in this MIMO 

configuration with the help of equations (1) and (2) using 

Octave script. As Fig. 17 suggests, the ECC is well kept  

 

below 0.5 in all the 6 correlation cases with 

corresponding DG values of higher than 8.9dB. The 

worst value of ECC (0.45) and DG exists at low 

frequency bands and it is the same case where worst 

passive isolation occurs namely between Ant3 and Ant4. 

Table 4 lists a literature review summary of MIMO 

antennas systems used in automotive industry. The table 

also compares works in terms type of type of antennas, 

bandwidth of operations, systems volume, and method 

of ECC calculation in use.  
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Fig. 16. Antenna efficiency for a 4x4 MIMO system. 
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Fig. 17. A 4x4 MIMO system ECC and DG. 
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Table 4: Literature review summary 

 

 

VI. CONCLUSION 
Three MIMO systems based on a novel branched 

Monopole structure that operates in cellular 5G bands 

(617MHz-5GHz) and can easily be in integrated inside a 

sharkfin package on a car roof have been presented in 

this paper. The ECC and DG derived from the radiation 

patterns of each antenna element were calculated for 

each of the three MIMO configurations. The configuration 

I MIMO system in Fig. 1 represents a 2x2 MIMO 

systems with antennas separated by a 135mm distance 

integrated on a sharkfin module on a car roof and it 

allows for a passive isolation better than 12dB, total 

average efficiencies higher than 71% on vehicle across 

all bands, ECC lower than 0.13, and DG higher than 

9.9dB. The configuration II MIMO system in Fig. 7 

represents a 2x2 MIMO systems with antennas separated 

by a 125mm distance integrated on a sharkfin module on 

a car roof and it provides a passive isolation better than 

15dB, total average efficiencies higher than 71.7% on 

vehicle across all bands, ECC lower than 0.02, and DG 

of 10dB. Finally, in order to increase the system capacity 

and data rate by allowing four data streams to be sent and 

received simultaneously, a novel 4x4 MIMO antenna 

system constructed of four Monopole elements as in Fig. 

12 has been designed. It achieves passive isolation better 

than 10dB, total average efficiencies higher than 65% on 

vehicle across all bands, ECC lower than 0.46, and DG 

higher than 8.9dB. In general, each MIMO configuration 

has a satisfactory performance and can be used easily  

in the vehicular application depending on the desired 

requirement and dimensions. 
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