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1  Introduction
In order to meet the different needs of modern mobile communication, vehicles are 
loaded with various functional antennas, which can be used in emergency call, enter-
tainment, navigation and positioning [1]. The performance of automobile antenna is of 
great significance to improve the quality of service (QoS) in vehicle wireless communica-
tion system.

The long-term evolution (LTE) is suitable for automotive applications with the high 
data rate and scalability, since the peak data rate of the downlink stream and the uplink 
stream are 100 Mbit/s and 10 Mbit/s, respectively [2]. Furthermore, the fifth generation 
mobile communication system (5G) incorporates the Internet of things (IoT) system, 
lower round trip delays and a reduction in energy consumption [1]. IEEE has revised the 
802.11 standard with 802.11p wireless access in DSRC for vehicle-to-vehicle (V2V) and 
vehicle-to-infrastructure (V2I) system [3, 4]. There is an anticipated development pros-
pect for the Internet of vehicles (IoV) system based on these requirements.
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IoT is a global network system that enables a variety of physical, mechanical, electrical 
and electronic objects to connect and transmit data among billions of devices [5]. The 
V2V communication system could be established to improve road communication more 
effectively, in which the data from the vehicles as taken by numerous sensors would be 
uploaded to the database using IoT [6].

There are two implementable schemes for vehicle to everything (V2X): DSRC and 
LTE. DSRC refers to exchanging information between automobiles in a short distance 
through wireless technology. DSRC technology adopts the following equipment: (a) 
onboard device (OBU) located inside the vehicle; (b) road test unit (RSU) located on the 
side of the road; and (c) handheld device carried by pedestrians [7]. The OBU installed 
in the vehicle communicates with the RSU installed on the roadside through microwave 
for the ETC systems of highway toll collection. 3GPP organization stipulates that vehi-
cles can communicate with everything in the LTE technology [8]. The V2X includes four 
types: V2V, V2I, vehicle to network (V2N) and vehicle to pedestrian (V2P). Figure  1 
shows the scenarios of V2X in the future IoT systems.

The vehicles will be combined with more communication devices to achieve more 
comprehensive and intelligent driving functions in the future traffic systems. An impor-
tant challenge is how to integrate the antenna into a specific small volume model, such 
as the shark-fin-shaped roof antenna. Meanwhile, how to realize a wide range of ser-
vices in several frequency bands is also an important problem to solve. While multiple 
antennas of different frequency bands can be integrated into a fixed volume model, it is 
significant to reduce the coupling between the antennas and improve the radiation effi-
ciency [9]. The literature [10] presents a new decoupling and matching network design 
for symmetric, single- and dual-band two-element antenna arrays. A multifunctional 
microstrip-fed ultra-wideband monopole antenna with two dual-mode resonators and 
shunt metallic strips has been presented, which two additional operational states are 
created [11]. A new planar microstrip-fed monopole ultra-wideband antenna with dual 
notched bands has been presented in the literature [12]. Due to the difficulty in improve-
ment of the antenna isolation, the multiband antenna is widely researched to cover mul-
tiple frequency bands.

Various types of automobile antennas for the IoT systems have been investigated with 
different methods based on the cost and efficiency of the antenna [13–16]. The broad-
band intelligent shark-fin antenna is designed for LTE, WLAN and DSRC communication 

Fig. 1  Various V2X scenarios in IoT systems. The V2V network is composed of the vehicles connected to each 
other. The vehicles also communicate with the infrastructure and pedestrian to form V2I and V2P. The V2N 
network could be the subsystem of mobile communication system
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systems and applied in automobile communication [17]. The antenna integrates passive 
antenna radiator, active transceiver and software radio platform on a multilayer PCB. These 
complex systems enable the antenna to execute multiple communication systems at the 
same time. However, designing and machining the multiband antenna are relatively com-
plex with high manufacturing cost.

In this paper, a novel multiband shark-fin automobile antenna is investigated, which can 
work in LTE, 5G, WLAN and DSRC bands (690–944 MHz and 1.46–6 GHz) for vehicles 
communication in IoT system. The paper is organized as follows. Section 2 illustrates the 
design and simulated results of the proposed automobile antenna. The network perfor-
mance of the automobile antenna in V2X communication scenes is analyzed in Sect.  3. 
Section 4 analyzes the extended network coverage of the automobile antennas in the IoV 
systems. Section 5 concludes this paper finally.

2 � Methods of antenna design
2.1 � Principle of monopole antenna

An ideal monopole antenna is on the infinite ground, as shown in Fig. 2. The radiation pat-
tern of the antenna can be calculated by the following equations.

Im is antinode current and I0 is input current, which are related to the input power of the 
antenna port. l is the effective length of the monopole antenna. β is the phase constant. 
The radiation pattern is a circle on the horizontal plane perpendicular to the antenna, 
which can provide omnidirectional radiation to meet the requirements of vehicle com-
munication network coverage. The radiation resistance of monopole antenna is related 
to the effective length l.

(1)E =
60Im

r
·
cos(βl cos θ)− cosβl

sin θ

(2)Im = I0/ sin βl

(3)Rrm ≈ 160π4

(

l

�

)4

Fig. 2  Schematic diagram of simple antenna radiator. The monopole antenna is placed on the infinite 
ground. The far radiation field is orthogonal decomposed into Eθ and Eϕ
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Equation 3 is the radiation resistance of the wave belly current, and Eq. 4 is the radia-
tion resistance of the input current. λ is operation wavelength. The radiation resistance 
of monopole antenna increases with the effective length of antenna. The antenna is fed 
by the coaxial line along the z-axis at the origin point as shown in Fig.  2. Equation  5 
is the Gaussian pulse signal feeding monopole along the coaxial line, where Tp is pulse 
period.

The time domain gain of the antenna is defined as

where Vi is the incident voltage in the coaxial line and Vf  is the reflected voltage in the 
coaxial line. η0 is the wave impedance in the free space. Zc is the characteristic imped-
ance of the coaxial line.

The frequency domain gain of monopole antenna in a certain direction is

Equations  6 and 7 show that the radiation ability of antenna to different frequency 
components is equivalent to each other in a sufficiently wide frequency band, which can 
achieve multiband working performance.

2.2 � Multiband automobile antenna design

The novel automobile antenna for vehicles communication is designed to work in mul-
tiple frequency bands, covering all LTE, 5G, WLAN and DSRC bands. Three different 
structural antennas are discussed based on the electrical properties and structural fea-
tures as shown in Fig. 3.

The antenna (a) has a toothed capacitor structure, and the antenna (b) has imped-
ance matching disk. Both the toothed capacitor and the impedance matching disk can 
improve the impedance matching of the antenna by changing the current path on the 
antenna surface. The toothed capacitor loaded on the monopole reduces the overall 
height of the radiator, which is formed like a ridge structure. The two inductive vertical 
arms are connected to the feed point for the impedance matching of the low-frequency 
band (690–944 MHz), and the impedance matching disk is used to improve impedance 
matching in the high-frequency band (1.46–6 GHz). Two L-shaped radiators are used as 
the high-frequency radiators. Since the toothed capacitor and impedance matching disk 
have good effect on impedance matching, no additional matching network is needed 
in the design of the automobile antenna. The novel automobile antenna (c) is proposed 
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based on the antenna (a) and antenna (b), and the specific parameters are shown in 
Table 1. The antenna is placed on a 250 mm × 250 mm ground. The impedance matching 
and radiation pattern of the antenna are affected by the size of the ground.

The current distribution is shown in Fig. 4 when the antenna is working at 900 MHz 
and 3  GHz. The loop monopole serves as the low-frequency radiator of the antenna, 
and two L-shaped monopoles serve as the high-frequency radiator. The height of the 
low-frequency radiator is 76 mm, which corresponds to an electrical size of roughly λ/4 
at 900 MHz. Therefore, the low-frequency radiator is the main radiation part when the 
antenna works in the low-frequency band. However, the height of the high-frequency 
radiator is approximately 35 mm, which corresponds to an electrical size of roughly λ/4 
at 3 GHz. Therefore, the high-frequency radiator plays a leading role when the antenna 
works in a high-frequency band. The antenna expands the impedance bandwidth of 
the antenna by loading the toothed capacitor and the impedance matching disk, which 
achieves wideband characteristics.

2.3 � Results of antenna performance simulation

The frequency response characteristic curves of the input impedance are shown in 
Fig. 5. The antenna (a) with a toothed capacitor structure has a good impedance match-
ing at 2.5 GHz because the input impedance of the antenna (a) is close to 50 ohms. The 
S11 of the antenna (b) with impedance matching disk reaches − 18 dB at 2.9 GHz due to 
its good impedance characteristics. Since the antenna (c) is loaded with a toothed capac-
itor and impedance matching disk, the impedance characteristic of the antenna (c) is 
improved to obtain a good impedance matching at 810 MHz and 2.9 GHz.

Fig. 3  Three kinds of rooftop antennas with different performances. a Antenna with toothed capacitor and 
L-shaped capacitor. b Antenna with impedance matching disk. c The proposed wideband antenna structure

Table 1  Structure parameters of the antenna

Structural parameters W H L1 L2 D

Values [mm] 60 76 20 29 26.4
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Figure  6 shows the comparison of impedance matching for the three antenna 
designs. The S11 parameters of all the antenna designs are lower than − 6 dB in the 
LTE, 5G and DSRC frequency bands, which is apparently sufficient for the transceiv-
ers of V2X systems. Since the antennas are added with the impedance matching disks, 
the high-frequency resonance points move to a higher frequency. It is found that 
the antenna (c) satisfies the requirements to impedance matching at the frequency 
regions from 690 to 944 MHz and from 1.46 to 6 GHz.

Since the antenna is designed for vehicle communication, the ground can be 
approximately described by an infinite perfect conducting plane. When the antenna 
is installed on the roof of the vehicle, the main beam direction (MBD) of the antenna 
is close to the horizontal direction. The omnidirectional radiation is satisfied for V2V 
communication.

Fig. 4  The electrical current distributions of the proposed wideband antenna structure at different 
frequencies. a The electrical current distribution at 900 MHz. b The electrical current distribution at 3 GHz

Fig. 5  Input impedance of three kinds of rooftop antennas with different performances. a Real part of input 
impedance. b Imaginary part of input impedance
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Radiation patterns of the automobile antenna for LTE/5G communication at the sev-
eral operation frequencies are shown in Figs. 7, 8, 9, 10, and 11. The vertical radiation 
pattern of the antenna at 790 MHz is shown in Fig. 7a, in which the MBD of the antenna 
is directed toward an elevation angle of around 60° from zenith. Figure  7b shows the 
horizontal radiation pattern of the MBD. The antenna achieves omnidirectional radia-
tion at each elevation angle in the beam width. The maximum gain of the antenna is 6.4 
dBi, and the deviation at all azimuth angles is just ± 1.8 dB.

Figure  8 shows the radiation patterns of the automobile antenna at 2.64  GHz. The 
MBD of the antenna is directed toward an elevation angle of around 40° from zenith. 
And the antenna still satisfies the characteristics of omnidirectional radiation at each 
elevation angle. The maximum gain of the antenna is 7.6 dBi, and the deviation at all 
azimuth angles is just ± 1.5 dB.

Figure 9 shows the radiation patterns for the 5G system at 3.42 GHz, of which the MBD 
elevation angle is 55° from zenith. The maximum gain of the antenna is 6.9 dBi, and the 

Fig. 6  S parameters of the rooftop antennas. Although all of the three types of antennas could meet the 
requirement of LTE low-frequency band, the 5G frequency band could only be covered by the antenna (c)

Fig. 7  The radiation pattern of antenna at 790 MHz. a Vertical radiation pattern. b Horizontal radiation 
pattern
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deviation at all azimuth angles is just ± 1.8 dB. As shown in Figs. 8a and 9a, the MBD of the 
antenna is no longer in the horizontal plane in the LTE band and the 5G band, but it is ben-
eficial for the communication between the vehicles and the cellular base stations.

Since the wavelength of electromagnetic wave radiated by the antenna is shorter when 
the antenna works at high-frequency band, the electromagnetic wave is easily blocked by 
the roadside infrastructures. The higher gain of automobile antenna is required to cover 
communication network effectively. The designed antenna has high directional gain, as 
shown in Figs. 7, 8, 9, 10 and 11, which can effectively maintain vehicle communication.

3 � Evaluation of antenna performance for V2X system
3.1 � Path loss model for V2X system

According to the distribution characteristics of urban block scene in V2V commu-
nication, the conventional channel model is constructed to simulate the attenuation 

Fig. 8  The radiation pattern of antenna at 2.64 GHz. a Vertical radiation pattern. b Horizontal radiation 
pattern

Fig. 9  The radiation pattern of antenna at 3.42 GHz. a Vertical radiation pattern. b Horizontal radiation 
pattern
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and interference of signals accurately, which is used to evaluate the feasibility of 5G 
vehicle network resource allocation algorithm [18]. The shadow fading follows normal 
distribution in V2V communication, and the definition of shadow fading is as follows

where μ is the expectation, and σ is the standard deviation. σ2 is variance of the 
distribution.

The 5G NR-V2V communication operates in the sub-6 GHz spectrum bands. The 
channel model of WINNER + B1 can be used in the urban block scene in sub-6 GHz 
band [19]. It is assumed that the antenna height of the user terminal is much lower 
than the height of the surrounding buildings. The signal transmission condition 

(8)n−s(t) =
1

√
2πσ

exp

(

−
(t − µ)2

2σ 2

)

Fig. 10  The radiation pattern of antenna at 4.42 GHz. a Vertical radiation pattern. b Horizontal radiation 
pattern

Fig. 11  The radiation pattern of antenna at 5.41 GHz. a Vertical radiation pattern. b Horizontal radiation 
pattern



Page 10 of 19Luo et al. J Wireless Com Network        (2020) 2020:218 

includes the light-of-sight (LOS) and the not-line-of-sight (NLOS) channels in the 
outdoor environment.

According to WINNER channel model, the path loss model in sub-6 GHz band can be 
defined as

where d is the distance between transmitter and receiver, and fc is the system fre-
quency. A is the path loss index, and B is the intercept coefficient. C is the path loss fre-
quency dependence coefficient.

The path loss model of LOS channel is

where d is the distance between transmitter and receiver, and fc is the system fre-
quency. dBP = 4h′Txh

′
Rxfc

/

c , h′Tx = hTx − 1 , h′Rx = hRx − 1 and c = 3× 108 m/s . hTx and 
hRx are the antenna height of transmitter and the one of receiver, respectively.

The path loss model of NLOS is defined as

where d1 is the vertical distance from the transmitter to the street center, and d2 is the 
vertical distance from the street center to the receiver. PL(dk , dl)k∈1,2,l∈1,2 can be given 
as

where PLLOS is the path loss of the LOS model.
The received signal strength indicator (RSSI) is given as Eq.  14, where PTRX is the 

transmitted power of the TRX. PL (dB) is the path loss in the distance, and Ga(θ ,ϕ) is the 
antenna gain.

3.2 � Results of radiation field simulation

Since the electromagnetic field distribution could be influenced by the shape and mate-
rial of the vehicle body, the deployment of the vehicle antenna plays an important role 
on the final performance of the automobile antenna systems [20, 21]. Moreover, the 
placement of the antenna is extremely limited due to aesthetic reasons defined by the 
automobile industry and the location of other electric equipment [22]. Three different 
versions of the automobile antennas on different roof configurations are investigated to 

(9)PL [dB] = A log10(d)+ B+ C log10(fc
/

5.0)

(10)PL [dB] =



























22.7 log10(3)+ 27.0+ 20.0 log10(fc), d ≤ 3

22.7 log10(d)+ 27.0+ 20.0 log10(fc), 3 < d ≤ dBP

40.0 log10(d)+ 7.56− 17.3 log10(h
′
Tx), d > dBP

−17.3 log10(h
′
Rx)+ 2.7 log10(fc), d > dBP

(11)PL = min
{

PL(d1, d2),PL(d2, d1)
}

(12)PL(dk , dl) = PLLOS(dk)+ 17.3− 12.5ηj + 10ηj log(dj)+ 3 log10(fc)

(13)ηj = max(2.8− 0.002dk , 1.84)

(14)RSSI = 10 log10(PTRX )− PL(dB)+ Ga(θ ,ϕ)
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evaluate the influence of antenna diagrams [23]. It is necessary to choose an appropri-
ate position of automobile antennas to relieve these imperfect effects on radiation field 
pattern.

The simulations of the installation positions of the automobile antenna are shown 
in Fig.  12, which discusses the electric field distributions of the antennas working at 
2.64 GHz at different positions on the roof. Among them, the length of the car is 3 m, 
the width is 1.9 m, and the height is 1.8 m. And the surface of the car is made of metal. 
As shown in Fig.  12a, the antenna is installed in the corner of the roof, which causes 
imperfect radiation due to the refraction of the window glass and the diffraction of the 
sharp edge. When the antenna is installed in the center of front and rear roof shown 
in Fig.  12b, c, the electric field distributions are perfect, which can effectively achieve 
the vehicle communication. The vertical radiation patterns of antenna being placed in 
different positions on the roof at 2.64 GHz are shown in Fig. 13. Pattern a denotes that 
the antenna is installed in the corner of the roof. Pattern b denotes that the antenna is 
installed in the center of front roof. Pattern c denotes that the antenna is installed in 
the center of rear roof. It is found that the pattern is severely distorted, if the antenna 
is installed in the corner of the roof. But the patterns of antenna being installed in the 
other two positions maintain good performance. Due to the requirements of automobile 
design and manufacture, the best installation position of the automobile antenna is the 
center of rear roof.

An urban environment provides many challenges for V2V communications, including 
multiple propagation paths, buildings and other obstructions [24]. Figure 14 shows the sim-
ulating three-dimensional view of two automobile antennas in the urban. The propagation 

Fig. 12  Electric field distribution for different mounting positions of automobile antenna. a Antenna is 
installed in the corner of the roof. b Antenna is installed in the center of the roof. c Antenna is installed at the 
rear edge of the roof
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phenomenon of LOS and NLOS models has been simulated at 820 MHz to evaluate net-
working taking into account more realistic propagation conditions, as shown in Fig. 15. Two 
black stars indicate the positions of the two vehicles installed with the proposed automobile 
antennas. The area of the simulated urban environmental is 125 m × 100 m, and the heights 
of the houses vary from 10 to 12 m. The sufficient coverage is found in the red regions of 
electrical field distribution. The yellow and green areas show a slightly weak radiation due 
to the buildings which have a shadowing effect and diffraction on the electromagnetic wave 
propagation.

Diffraction occurs when the electromagnetic wave encounters sharp obstacles during 
propagation. The reflected wave will propagate along the conical surface with the inci-
dent point as the vertex [25]. The diffraction coefficient is

Fig. 13  The vertical radiation patterns with Phi = 0° of the antenna being placed in different positions on 
the roof at 2.64 GHz. Line a is the radiation pattern of antenna installed in the corner of the roof. Line b is 
the radiation pattern of antenna installed in the center of the roof. Line c is the radiation pattern of antenna 
installed at the rear edge of the roof

Fig. 14  The three-dimensional view of simulating distribution of electrical field for two automobile antennas 
in the urban
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where ε is the incidence angle and α is the reflection angle. θ is the scattering angle. 
k is the wavenumber of electromagnetic wave. Although the electric field distribu-
tion is weak in some areas, the radiation of antennas can still cover every corner of the 
intersection.

The communication performance of V2V system is quantitatively evaluated with the 
simulated transmission coefficient of the two automobile antennas in the urban envi-
ronment. The two vehicles with the antennas are separated by the certain distance in 
the street, as shown in Fig. 16. The transmission coefficient varied with the propagation 
distance is shown in Fig. 17. The transmission coefficient of 820 MHz is obviously better 
than the one of 2.2 GHz, since the longer wavelength is conducive to electromagnetic 
wave propagation in the environment of densely distributed buildings. The transmission 
coefficient of antenna shows low attenuation with the increase in the distance. There-
fore, the automobile antenna can realize long-distance communication.

4 � Coverage extending for the mobile communication network
4.1 � Principle of coverage extending with the automobile antenna

The scenario of one operator’s infrastructure serving multiple vehicles is considered in 
the IoV systems, as shown in Fig.  18. The infrastructure services are provided for the 
V2V system by various communication operators. Since the operators use different 
authorization frequencies, the vehicles communicate with each other in the public land 
mobile network (PLMN) when the infrastructures of multiple operators serve different 
vehicles.

The vehicles receive the information from the enhanced Node B (eNB) or the genera-
tion Node B (gNB) when the vehicles are in the service area [26, 27]. Meanwhile, the 
vehicles upload data, such as location information, movement speed and destination. 

Di =
ej

π
4

2(πk)
1
2 sin ε

[

sec

(

1

2
(θ − α)

)

± csc

(

1

2
(θ + α)

)]

Fig. 15  Distribution of electrical field for two automobile antennas in the urban environment. a LOS 
environment. b NLOS environment



Page 14 of 19Luo et al. J Wireless Com Network        (2020) 2020:218 

There is also data interaction between the vehicles, and the vehicles communicate with 
RSU and WiFi unit. The eNB/gNB uploads the data to Evolved Packet Core (EPC) or 5G 
Core (5G C) for data analysis and processing. Due to the multiple connections between 
the vehicles and nodes, the vehicles are required to be equipped with a variety of inter-
faces and the high-quality transceiver devices.

Fig. 16  Schematic diagram of the automobile antenna in the urban environment. The two vehicles loaded 
with the automobile antenna communicate with each other, and the propagation distance varies with the 
relative motion

Fig. 17  Transmission coefficients for different operation bands of the automobile antenna in the urban 
environment. The red line is the 2.2 GHz frequency band, and the black line is the 820 MHz frequency band
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Due to the influence of the terrain and buildings, there are some blind areas in the cov-
erage of the eNB/gNB, which could lead to communication interruption. In addition, the 
gNB uses high-frequency bands, which decreases the coverage area. A method of using 
the automobile antenna as mobile micronode is proposed to extend the communication 
coverage, as shown in Fig.  19. The multiple interfaces of the vehicle could be used to 
connect with the eNB/gNB in the IoV system, and the vehicle can be used as a mobile 
micronode of the radio access net (RAN).

4.2 � Simulation results of coverage extending solution

The coverage of the gNB is simulated in the urban environment, as shown in Figs. 20 and 
21. The building heights are from 8 to 12 m, and the black triangle is the location of the 

Fig. 18  Internet of vehicles schematic diagram. The transceivers on the vehicles could be the extended RAN 
nodes for the eNB/gNB

Fig. 19  Vehicle antenna as micronode. The coverage of mobile communication is improved with the 
automobile antenna
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gNB. The height of gNB is 25 m, and the direction angle is 80°. And the gNB is set at a 
downward angle of 10° in the single sector case working at 1.8 GHz. The vehicles could 
communicate fluently with each other in the area close to the gNB. The blind area is also 
found in the service area, which is caused by the shadowing effect of buildings. As a con-
sequence, the user experience will be relatively poor and the vehicles will even discon-
nect in the blind area.

The location of the vehicle with the automobile antenna working at 3.42  GHz is 
marked as the pentagram, as shown in Fig.  22. When the vehicle with PC5 interfaces 
drives into the blind area, the transceiver on the vehicle could act as a mobile micro-
node. The V2X communication in the area will be significantly improved. Thus, the civil 
vehicle can be used as communication emergency vehicle to improve the coverage short-
age in the urban environment.

Fig. 20  The three-dimensional view of simulating gNB of single sector coverage in urban

Fig. 21  Distribution map of gNB of single sector coverage in urban environment. There is apparent blind 
area, which is caused by the large-scale fading
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5 � Discussion
A novel automobile antenna working in a broadband frequency is proposed. The 
antenna obtains the good omnidirectional radiation pattern and the impedance 
matching without any additional matching network, which are improved by load-
ing the toothed capacitor and the impedance matching disk. The electric field distri-
bution and transmission coefficient of the antenna installed on the vehicle roof are 
simulated, which shows high gain with low loss. The good omnidirectional radiation 
performance enables the antenna to effectively connect the mobile cellular networks 
and the IoV systems.Therefore, the network coverage performance is improved by the 
automobile antenna. Since the antenna without any additional matching network, the 
whole antenna structure is compact and easy to be installed on the top of the vehicle. 
Due to the high reliability and low cost, the proposed automobile antenna could be 
widely used for the V2X communication system.
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