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ABSTRACT

An antenna is designed in a multi-input multi-output configuration composed of four radiating elements 
embedded with semi-circular cuts for sub-6 GHz 5G automotive applications. The performance of the proposed 
design has been enhanced with the utilization of the concept of partial ground. The antenna covers the −10 dB 
impedance bandwidth in the frequency spectrum of sub-6 GHz, which includes 0.9 GHz, 3 GHz, and 4.7 GHz. 
The proposed design exhibits a wide bandwidth of 4.8 GHz, ranging from 0.7 GHz to 5.5 GHz with a peak gain 
of 8.8 dB in the resonating band. The isolation between the elements is well below −15 dB, and to maintain this 
high isolation, the antenna elements are placed at an optimized distance from each other with independent 
partial ground planes. The proposed design is also fabricated, and the measured results have been compared 
with those obtained in a simulated environment. It has been observed that both results are quite promising and 
well-comparable. The size of the proposed design is about (28 × 28) cm2 as the first resonating frequency is 0.9 
GHz. Nevertheless, the proposed design is suitable to integrate on the rooftop of the modern passenger cars with 
5G automotive wireless applications.
Index Terms—5G, antennas, automotive, multi-input-multi-output (MIMO), sub-6 GHz

I. INTRODUCTION

Due to the vast advancements in the field of wireless communication, various application scenar-
ios such as low bandwidth, complex systems, limited channel capacity, and low data rates present 
challenges for effective communication systems [1, 2]. Therefore, over the past few years, the 
development of next-generation (5G and 6G) communication systems at sub-6 GHz, mmWave, 
and sub-THz frequency bands has featured higher channel capacity and enhanced data rates, 
ensuring the reliability and effectiveness of the transmitted or received signal [3-5]. There are two 
frequency bands that have been considered worldwide for next-generation wireless communi-
cation systems: one is sub-6 GHz, i.e., the lower frequency band (below 6 GHz), and the second 
one is mmWave which includes frequencies either above 27 GHz or between 24 and 27 GHz [6]. 
However, certain issues related to the higher frequency of operations, such as signal path loss, as 
free space path loss is directly related to the frequency of operation, atmospheric attenuation, 
and signal fading correspondingly degrade the data rate according to standard link budget cal-
culations [7, 8]. Moreover, the problem becomes more severe when a single antenna element is 
used, as it has limited gain. Therefore, to address these issues, the sub-6 GHz frequency band and 
the multi-input multi-output (MIMO) antenna system are in greater demand among commercial 
and automotive use cases [9-11]. MIMO antenna systems are utilized in modern wireless com-
munication, especially for long-term evolution (LTE), 5G, and 6G. The MIMO system consists of 
multiple antenna elements arranged in different configurations according to the use cases and it 
significantly impacts enhancing the spectral efficiency, improving channel capacity by utilizing 
the same spectrum, and reducing transmitted power. With all these factors, MIMO systems are 
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more capable of delivering high data rates in densely populated areas. However, a high mutual 
coupling coefficient becomes a key challenge while designing such a system, as the antenna ele-
ments are closely packed on the chip. Therefore, various research articles have been published in 
recent years to deal with this situation, and various techniques have been adapted to minimize 
the inter-element isolation. The presented articles propose different configurations with defec-
tive ground structures, slotted patches, multilayer substrate structures, spider-shaped structures, 
flexible material antennas, etc., depending on the use case. Such designs have been elaborated 
in the next section. 

II. LITERATURE SURVEY

For instance, a low-profile 4-element ultra-wideband antenna is presented with a modified 
substrate and a defected ground structure providing isolation < −16 dB between radiating ele-
ments. However, the structure faces challenges while fabricating with modified substrate [12]. 
In another paper, a four-element MIMO antenna design for mmWave applications is presented 
with wideband and high gain characteristics. However, the implemented defective ground struc-
ture is complex in nature [13]. A low-frequency 4-port MIMO antenna is designed with excellent 
impedance matching and isolation in the required band of frequencies [14]. In another work, a 
compact four-element design is presented for sub-6 GHz in which two elements are of the same 
type and the other is only quarter wavelength microstrip slot antennae. The paper consists of 
all the required parameters but still missing some of the significant MIMO evaluation param-
eters [15]. Two octagonal elements are arranged in MIMO configuration with defected ground 
structure to ensure impedance matching and isolation in C-band applications. The analysis of 
MIMO specifications has been rigorously done without any information on channel capacity loss 
[16]. A flexible wideband MIMO antenna is designed on flexible conductive material along with 
a partial ground plane. The authors explained the envelope correlation coefficient (ECC) without 
mentioning the other parameters [17]. A spider-shaped fractal MIMO antenna is discussed and 
analyzed on the basis of S-parameters along with the specific absorption rate without any dis-
cussion of channel capacity loss [18]. In another article, the authors present the development of 
a semi-circular corner cut MIMO antenna with a defected ground structure (DGS), designed for 
5G-Advanced and 6G automotive applications [19]. Similarly, a fractal 1×2 MIMO antenna design 
with a DGS for sub-6 GHz 5G automotive applications has been presented. It operates at multiple 
frequencies (0.7, 2.6, 3.1, 3.5 GHz), achieves up to 12.9 dBi gain, and exhibits low mutual coupling 
(≤ −50 dB), making it suitable for integration into car body components for reliable high-data-
rate communication [20, 21]. In recent years, numerous antenna designs have been proposed 
for sub-6 GHz 5G applications, especially targeting automotive environments. Prior studies have 
established the effectiveness of MIMO (Multi-Input Multi-Output) configurations in enhancing 
channel capacity and reliability for vehicular communication. Antennas operating in the sub-6 
GHz spectrum are particularly important due to their favorable propagation characteristics and 
compatibility with existing infrastructure.

In this paper, four-element semi-circular arc-slotted antenna element is arranged into MIMO 
configuration with the addition of a partial ground plane. The proposed antenna is capable of 
operating in the sub-6 GHz frequency band covering n1, n3, n8, n41, n77, and n78 specifically for 
5G satellite applications.

The proposed design exhibits the wide bandwidth covering the very low band of frequencies 
with appropriate gain and diversity parameters analysis. Therefore, the proposed design can be 
considered for practical automotive applications. Some of the following key novelty parameters 
are as follows: 1. Frequency: 0.7 GHz - 5.5 GHz (dedicated for 5G automotive wireless applica-
tions) 2. Impedance bandwidth – 4800 MHz 3. Peak Gain – 8.8 dB 4. MIMO Analysis of all the 
diversity parameters

III. DESIGN CONSIDERATIONS AND ANALYSIS OF PROPOSED ANTENNA

The proposed antenna begins with the design of a microstrip fed circular patch antenna on the 
low-cost substrate material. The proposed design is printed on FR4 substrate material having 
εr = 4.4, h = 1.57 mm and tanδ = 0.02. As the antenna is designed for very low frequency i.e., fr = 0.7 
GHz, the radius of the antenna is calculated using (1) and (2) [22, 23], as ar = 32 mm.

•	 The radius of the circular patch of the single antenna at the lowest resonating frequency, which 
is fr = 0.8 GHz.
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•	  The stage wise performance of the design and proposed design is 
shown in Fig. 1 and B and Fig. 2 respectively, so as to achieve the 
desired bandwidth.

•	 The width of the feed line (FW) was calculated according to the 
equation mentioned below; however, some parametric analyses 
were also performed as presented in Fig. 5C to investigate the 
impact of feed width on antenna bandwidth, in order to achieve 
desired results for a single antenna.
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Where h = Height of substrate.

t = Thickness of metal.

z0 = impedance of feed line as 50Ω.

Further modifications are performed on the conventional circular 
patch antenna. For instance, in the first stage, a semi-circular shape 
is etched from the top of the patch element, and in the final stage, 
two more semi-circular cuts are provided at both side edges of the 
design, as illustrated in Fig. 3. The dimensional pictorial view along 
with their corresponding parameters is shown in Fig. 4 and the 
dimensional parameters are illustrated in Table I. CST Microwave 

Fig. 1.  Input reflection coefficient of the proposed design at 
different stages.

Fig. 2.  Proposed multi-input-multi-output antenna. (A) Simulated design, (B) top view of fabricated prototype, and (C) bottom view of fabricated 
prototype.
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Studio has been used for the simulation purpose of the proposed 
single element and MIMO antenna.

The size of the ground plane plays a significant role in determining 
the performance of the antenna. Therefore, the full ground plane 
has been modified into a partial ground plane to achieve the −10 dB 
impedance matching covering sub-6 GHz frequencies. The conven-
tional single-element patch antenna discussed in the previous section 
is utilized in designing a four-element MIMO antenna with an orthog-
onal configuration as shown in Fig. 2 (A). The top and bottom views of 
the fabricated prototype of the proposed design can be visualized in 
Figs. 2B and 2C respectively. In this figure, the antenna elements are 
arranged in an orthogonal position with an overall size of (28 × 28) 
cm2 and the distance between the elements is approximately equal 
to half wavelength of the resonating frequency (i.e. i = 140 mm). Even 
though the size of the proposed design is large, it is still it is suitable to 
integrate on the rooftop of the modern passenger car.

IV. RESULTS AND ANALYSIS OF PROPOSED MIMO ANTENNA

The parametric analysis with different ground lengths has been stud-
ied and illustrated in Fig. 5, which demonstrates that ground length, 
GL = 20 mm is the optimum solution in which the antenna covers −10 
dB impedance matching in the desired range of frequencies except 
for 1.6 GHz–2.2 GHz. The input reflection coefficient variations with 
respect to frequency of all the stages are shown in Fig. 5, which 
depicts that the final stage exhibits −10 dB impedance bandwidth 
in the entire sub-6 GHz band. This band majorly includes n40 (2300–
2400 MHz), n41 (2496–2690 MHz), n46 (5150–5925 MHz), n77 (3300–
4200 MHz), n79 (4400–5000 MHz). Further, it can be observed that 
all the stages except stage IV exhibit the notching in the frequency 

Fig. 3.  Evolution stages of proposed single-element antenna. (A) Conventional circular patch, (B) first stage, (C) second stage, and (D) final stage.

Fig. 4.  Dimensional view of the proposed single-element antenna 
(SL = 140, SW = 140, FL = GL = 20, R = 50, R1 = 32, R2 = 11, FW = 4 (All 
values are in mm).

TABLE I.  DIMENSIONAL PARAMETERS OF SINGLE-ELEMENT ANTENNA AND 
MULTI-INPUT-MULTI-OUTPUT ANTENNA

Parameters Values (mm) Parameters Values (mm)

SL = SW 140 FW 4

R 50 FL, GL 20

R1 32 h 280

R2 11 ​ ​

Fig. 5.  Effect of ground plane length on input reflection coefficient 
(dB) of single-element circular patch antenna.
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range of about 1.6–1.7 GHz. However, stage IV achieves the entire 
sub-6 GHz frequency band with −10 dB impedance bandwidth.

There are various dimensions involved in the design process, and 
these dimensions have been calculated following the standard pro-
cedures. However, some of the parameters need to be optimized to 
achieve the required performance parameters for the intended use 
cases. Therefore, initially, the radii of three cuts have been consid-
ered for parametric analyses to achieve optimized desired results. 
Firstly, the radius of the top semi-circular cut (R1) is considered for 
analysis, and the corresponding input reflection coefficient varia-
tions have been shown in Fig. 6A, it can be illustrated that there is 
still there is a discrepancy in achieving the input reflection coeffi-
cient near 1.8 GHz. For further improvement, the size of the side cuts 
is also optimized, and the corresponding reflection coefficient plot is 
shown in Fig. 6B. Radius of side cuts, i.e., R2 = 11 mm is chosen as the 
best choice, which provides excellent impedance matching across 
the entire band of sub-6 GHz. Finally, impedance matching is further 
optimized by choosing the appropriate width of the feed line (FW) 
which directly impacts the impedance matching between the patch 
edge and the 50 Ω port, and the analysis is shown in Fig. 6C. It can be 
observed that there is only a variation in the value of S11(dB) which 
satisfies all the bandwidth requirements, with the variation in feed 
width, and a value of 4 mm is chosen as the best one. 

The simulated and measured S11(dB) comparison is illustrated in 
Fig. 7A. Both curves are in good agreement except for some shift-
ing in frequency in the C-band and impedance mismatch at 4.7 GHz. 
This is due to the soldering the connectors and fabrication toler-
ances. Moreover, the mutual coupling [11, 24, 25] is well below -15 
dB in the entire frequency range as the distance between the ele-
ments has been optimized as illustrated in Fig. 7B. The gain of the 
proposed MIMO antenna is obtained from the simulation and vali-
dated through measurement as depicted in Fig. 8. The gain values 
are obtained from 0.5 GHz to 6 GHz with a frequency gap of 0.275 
GHz. The simulated gain curve shows that the antenna achieved a 
peak gain of 8.8 dB in the resonating band; however, the measured 
peak gain reduced to about 0.5 dB, also showing a good agreement 
between the curves, with nominal fluctuations in the gain values at 
different frequencies. Figure 8 also presents the radiation efficiency 
of the antenna and indicates permissible results in the desired band 
with maximum radiation of about 99%.

Further, the far field characteristics have been characterized on the 
basis of radiation patterns at resonating frequencies of 0.9 GHz, 3 
GHz, and 4.7 GHz, which are illustrated in Fig. 9 and 3-D polar plots 
have been shown in Fig. 10. The shape of the radiation patterns can 
be confirmed from the current distributions shown in Fig. 11. At 0.9 
GHz, the antenna exhibits three and two radiating lobes at Phi = 00 

Fig. 6.  Parametric analysis of dimensional specifications. (A) Radius of top cut (R1), (B) radius of side cuts (R2), and (C) feed line width (FW).
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and Phi = 900 respectively, having nearly equal radiated power in 
different directions of theta. However, at Phi = 00, both simulated 
and measured results possess the main lobe direction at about 1700 
with nearly the same magnitude of 2.31 dB and 3dB angular width 
of 51.40. On the other hand, at Phi = 900, the direction of the main 
lobe is in 1600 with magnitude and 3dB angular width of 2.59 dB and 
910 respectively. At 3 GHz, both simulated and measured radiation 
patterns agree well with slight power fluctuations at different angles 
of theta in Phi = 00 and Phi = 900 plots. Besides these, at Phi = 00, the 
main lobe is directed towards 3300 with maximum lobe magnitude 
and 3dB angular width of 1.56 dB and 37.70 respectively. Similarly at 
Phi = 900, the main lobe magnitude and 3dB angular width of 1.45 dB 
and 64.20, respectively, is directed along 410. Further, the pattern at 
3 GHz demonstrates the first higher-order mode as depicted in the 
current distribution Fig. 11 (B). In a similar manner, the radiation pat-
tern characteristics of the antenna have been studied at 4.7 GHz and 
presented in Fig. 9C. In this case, both the simulated and measured 
field patterns concur at Phi = 00 and Phi = 900 with insignificant power 

variations at different angles of theta. In the field pattern at Phi = 00, 
the main lobe is directed in 3060 with peak lobe magnitude and 3dB 
angular width of 3 dB and 860 respectively. Whereas at Phi = 900, the 
main lobe of magnitude 1.32 dB is directed along 3310 with a 3dB 
angular width of 22.60. At last, the radiation pattern at 4.7 GHz exhib-
its two major lobes reflecting null in the broadside direction. 

V. MULTI-INPUT-MULTI-OUTPUT DIVERSITY ANALYSIS

As the antenna is proposed for MIMO applications, it is of the utmost 
importance to assess the diversity performance as per methods sug-
gested in [6] [26-28].

A. Envelope Correlation Coefficient
The ECC is the very first parameter for measuring the diversity per-
formance of the MIMO antenna, and it can be evaluated from the 
S-parameters as expressed in (3).

ECC
S S S S

S S S S

mm mn nm nn

mm nm nm mn

�
�

� �� � � �� �
* * 2

2 2 2 2
1 1

	 (3)

The ECC value should be of minimum value to establish the lowest 
correlation between the elements. The plot of the calculated ECC 
with respect to frequency is shown in Fig. 12.

B. Directive Gain
Directive gain (DG) establishes the relationship between transmis-
sion power loss when different varieties of schemes are applied to 
the system and it is expressed in (4). Figure 13 illustrates the DG to be 
almost 10 dB in the frequency band of interest.

DG ECC� �10 1
2

	 (4)

VI. Comparison With Related Work
The proposed antenna and its corresponding parameters are com-
pared with other related work, as illustrated in Table II. It can be 

Fig. 7.  S-parameters of the proposed multi-input-multi-output 
antenna design. (A) Simulated and measured S11 (dB) of the multi-
input-multi-output design and (B) simulated isolation curve.

Fig. 8.  Gain and radiation efficiency of the proposed multi-input-
multi-output antenna.
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observed that the proposed design is able to resonate at sub-6 
GHz covering n1, n3, n8, n41, n77, and n78 specifically for 5G 
satellite applications [29-30]. Even though the proposed design 
possesses a higher electrical size compared to (12), (16), (17), and 
(18), it exhibits superior characteristics either in terms of imped-
ance bandwidth, gain, or gain or use of a number of radiating ele-
ments. On the other hand, (13) and (28) have higher electrical sizes 
than this proposed work; however, they exhibit lower impedance 
bandwidth and gain. While considering the use of the same num-
ber of radiating elements along with their corresponding results, 
this work possesses superior impedance bandwidth and gain in 
comparison to (13) and (17). Further, considering the achieved 
gain in the resonating band, the proposed design shows a superior 
gain value compared to others reported, even using more radiat-
ing elements (12). Furthermore, it can be said that the proposed 
design exhibits a wide bandwidth covering the very low band of 
frequencies with appropriate gain and diversity parameter analy-
sis. Therefore, the proposed design can be considered for practical 
automotive applications.

VII. CONCLUSION

This article presents a MIMO-configured antenna composed of four 
radiating elements embedded with a variety of semi-circular cuts 
with an independent partial ground plane. The proposed antenna 
design covers the frequency bands that are included in the sub-6 
GHz. The resonance peaks in the bandwidth have been achieved at 
0.9 GHz, 3 GHz, and 4.7 GHz with a peak gain of 8.8 dB. The size of the 
antenna is large in terms of conventional scale but comparable in 
terms of wavelength. Still, the fabricated design is suitable for inte-
gration on the rooftop of the automobile, which can be utilized for 
communication with low earth satellites, and this type of communi-
cation is useful for various 5G automotive applications considered 
in the sub-6 GHz frequency bands. The future work of this article 
advances into the real-time integration in car parts and evaluates the 
performance of the antenna along with the added feature of circular 
polarization, which can be further utilized to minimize polarization 
losses and enhance the overall data rate according to link budget 
calculations. 

Fig. 9.  Radiation patterns of the proposed multi-input-multi-output antenna design at (A) 0.9 GHz, (B) 3 GHz, and (C) 4.7 GHz.
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Fig. 10.  3D polar plots of the proposed multi-input-multi-output antenna design at (A) 0.9 GHz, (B) 3 GHz, and (C) 4.7 GHz. 

Fig. 11.  Current distribution of the proposed multi-input-multi-output antenna at (A) 0.9 GHz, (B) 3 GHz, and (C) 4.7 GHz.
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