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Abstract—Wireless connectivity is becoming an important 

feature in cars, which together with recent developments in car 
design point to the need to accurately predict the performance 
of real antennas in simulation, to speed up the design cycle. 

However, it is challenging to accurately represent structurally 
complex real cars in simulation. This paper proposes a car 
model simplification approach for designing vehicular 

antennas, exemplified using three progressively simplified 
models of a hatchback car. For validation, a monopole and a 
PIFA operating at 800 MHz and 2.4 GHz, respectively, were 

mounted and simulated at two locations on these prototypes. 
The proposed scheme reduced the computational time to less 
than a third, while maintaining similar simulated antenna 

performance. Specifically, the antenna patterns of the simplest 
prototype and original one are correlated by 84% and 59% at 
800 MHz and 2.4 GHz, respectively. Therefore, the proposed 

scheme is promising for real application.    

Index Terms—Vehicular antenna, model simplification, 

monopole antenna, PIFA, computational time. 

I.  INTRODUCTION  

Nowadays, cars are perceived to be much more than a 

way to transport people from one place to another place. The 

focus is on improving the experience of the passengers 

during the journey. This emphasis will become even more 

important when autonomous cars are finally deployed, since 

the traditional drivers will now have the freedom to do other 

things. This opens up a lot of possibilities for different 

services that can be offered, and wireless connectivity is 

crucial for enabling many of these services [1]. 

Furthermore, car design is also evolving to match the 

future needs of the passengers. The environment inside the 

car becomes important because people who spend a lot of 

time inside the small interior while traveling long distances 

are demanding for better comfort and the feel of open space. 

Glass is already used in the upper part of many cars to let the 

natural light through and provide a better view of the 

surroundings [2]. This trend has negatively affected antenna 

placement on cars and posed new challenges for designing 

car antennas. The ground plane for the roof antennas is 

disappearing as the roof is increasingly made of glass. Also, 

the desire to hide antennas from view (as was the trend for 

mobile terminal antennas around 20 years ago) means that 

their locations are more restricted, which can degrade their 

performance. Moreover, many more antennas are now 

needed to support different services as well as to enable 

higher throughput [3]. As a result, better integration of car 

antennas is crucial, which in general requires the 

surroundings (the entire car platform) to be accounted for.  

In particular, a car has many electronic control units 

(ECUs) and cables connecting them. There are also many 

other parts in the car that can significantly affect antenna 

performance, such as seats, dashboard and trim panels. The 

antennas are normally not more than a few centimeters in 

size, which are dwarfed by the size of the cars (e.g., 4 to 6 

meters). Hence, running an antenna simulation that includes 

the whole environment becomes very challenging because of 

the complex surroundings of the antenna and the electrically 

large car for the frequencies used in common applications. 

Therefore, there is a need to develop simplified models of 

the car to be able to find a good compromise between the 

accuracy of the simulation results and the size/complexity of 

the simulation problem. For industrial antenna design relying 

on optimization over multiple iterations, there should be 

enough information in the simplified model to provide “good 

enough” prediction of the antenna performance in each 

iteration within a reasonable time [4].  

Simplification of car models for vehicular antenna design 

is a relatively uncharted topic in the literature. Specifically, 

existing work focuses on the use of simple car models to 

study the effect of the car body on antenna performance [5], 

[6], the effect of car seats and dashboard on the electro-

magnetic environment inside the car [7], and the effect of 

material properties of different interior parts on the in-car 

channel [8], [9]. However, these simple car structures only 

consist of simple flat surfaces, which are not representative 

of modern cars. Moreover, no attempt is made to study the 

effect of model simplification on antenna performance.  

Based on a more realistic car model, accounting for the 

curvatures of a modern car body (of Volvo XC60) but 

retaining only the main part of the metallic frame, a 

simulation framework for studying the impact of electro-

magnetic interference on vehicular antenna performance is 

proposed in [10]. In addition, a similar car model as [10] 

(but with the inclusion of glass windows) was used to 

investigate the influence of RF cables on in-vehicle channel 

measurements [11]. But as in earlier studies [5]-[9], [10] and 

[11] do not explore the relationship between the simplifi-

cation of car body and the accuracy of simulated antenna 

performance.  



 

 

Therefore, the main aim of this work is to propose a 

model simplification approach that can facilitate shorter 

computational time, while retaining similar simulated 

performance of vehicular antennas. To validate the 

applicability of the proposed scheme, two different antenna 

structures are considered, i.e., monopole and planar inverted-

F antenna (PIFA), with omni and directional patterns 

intended for LTE and WLAN applications at 800 MHz and 

2.4 GHz bands, respectively. The two antennas are mounted 

on two different locations of the car (rooftop and just under 

the roof). Three prototypes (Models A, B and C) of a 

hatchback car, representing different levels of structural 

complexity, are used to demonstrate the model simplification 

approach. It will be shown that significant simplifications 

can be performed on the car model while preserving the 

accuracy of the simulated antenna performance of the most 

complex model (Model A).  

To the author’s knowledge, this systematic study is the 

first of its kind and it can provide a roadmap for efficient 

design of integrated vehicular antennas with good accuracy 

despite significantly reduced simulation time/complexity. 

Such a design framework is a powerful enabler for virtual 

prototyping of future cars. 

II. SIMPLIFICATIONS OF CAR MODEL  

For small cars, the data file of a professional CAD tool 

(e.g., CATIA by Dassault Systems) that contains the 

complete geometrical model of a car is normally around 50 

GB in size. CATIA is a popular tool in the automotive 

industry for the detailed designing and physical packaging of 

the complete car, including all the electrical and mechanical 

components. The detailed model is needed for tool design, 

tolerance calculations and assembly simulations. Bringing 

this massive amount information into a commercial full-

wave simulation tool for antenna design is not feasible even 

for powerful computers available to antenna designers in the 

car industry. The required number of meshes and the 

resulting problem are too large to be handled efficiently. 

Therefore, a systematic approach of simplifying the car 

model by actively retaining or removing interior parts of a 

complete hatchback car model is presented in this section. 

 The basic idea for the simplification procedure is to 

establish a trade-off between the performance and the 

computational time of vehicular antenna simulation during 

the antenna design phrase. To demonstrate the proposed 

scheme, three virtual prototypes (Models A, B and C) of 

Volvo S60, a hatchback car, were formed (see Fig. 1). All 

the parts, which were deemed by their sizes and electrical 

properties to have only a minor influence on the electro-

magnetic environment, were left out of the prototypes. A 

preliminary step was taken to exclude parts that are made of 

plastic, wood, foam, rubber and other non-metallic materials. 

Hence, all the car prototypes considered here consist of the 

metallic car body and metallic parts. Although the removal 

of non-metallic parts from the car body reduced the problem 

size to one third of the original size, the computational time 

was still very long.  

 
Fig. 1. Three virtual prototypes of the hatchback car, with increasing degree 

of model simplifications: (a) Model A, (b) Model B, (c) Model C. 

Therefore, a novel approach is proposed in this work: 

First, all the car body parts that are shielded from the 

radiation of antennas placed inside or on the exterior of the 

car, such as the parts in the engine bay and at the bottom of 

the car, are excluded from the simplified model. Secondly, 

many metal parts that are very small in size (small plates, 

nuts, bolts and multiple layers of metals) are expected to 

only have limited impact on the antenna performance. 

Therefore, to reduce the computation time, these small 

metallic parts can be ignored during the simulation process. 

For further simplification, the remaining metallic parts of the 

car body can be replaced with thin metal sheets.  

Based on the above discussion, three virtual prototypes 

(Models A, B and C) were created. Model A is a fully 

metallic car body (see Fig. 1(a)), which was obtained after 

removing all non-metallic parts as well as shielded metallic 

parts. This prototype was further simplified to Model B by 

removing small metallic parts from inside of the car, as 

depicted in Fig. 1(b). Finally, the most simplified version 

(Model C, as shown in Fig. 1(c)) was prepared, where a lot 

of geometrical information of both the inner and outer parts 

of the car body was removed. In this version, the dashboard 

and the floor of the car were replaced with straight metallic 

sheets. Moreover, the metallic seat frames and other larger 

metallic structures were also removed.  



 

 

 

 
Fig. 2. Antennas and their locations on the hatchback car. (a) Monopole 

antenna (Lm = 75, wire diameter = 4), (b) PIFA (L1 = 57.50, W1 = 39.2, L2 

= 19.4, W2 = 37.1, H1 = 9.1, W3 = 13) (all lengths are in mm). 

III.   ANTENNA DESIGN AND PLACEMENT 

Two different antenna configurations were integrated 

with the three car models. The first antenna is a standard 

quarter-wave monopole with omnidirectional pattern in the 

upper hemisphere when integrated on the car roof. It was 

designed for cellular (LTE) application at 800 MHz. It was 

intentionally placed at the location of the common “shark 

fin” roof antenna (see Fig. 2(a)). Typically, the shark fin 

antenna consists of multiple monopole antennas for multi-

band and multiple-input multiple-output (MIMO) operations.  

To investigate the potential of the model simplification 

approach more thoroughly, the second antenna was chosen 

to be a PIFA, which has a directional (broadside) radiation 

pattern. It is designed with the center frequency of 2.4 GHz 

for WLAN (or WiFi) application. The operating frequency 

was chosen to be three times larger than that of the 

monopole, to present a more challenging case for antenna 

simulation, due to the larger electrical size of the structure 

requiring significantly more mesh cells and computational 

efforts. The antenna is attached to a small ground plane 

slightly below the sun roof, as shown in Fig. 2(b). The 

chosen antenna location facilitates a hidden antenna solution, 

and it also enables both in-car and infrastructure WLAN 

coverage. For example, the car may need to be connected to 

the workshop computer system for remote diagnostic and 

firmware/software updates. As will be discussed in Section 

IV, the location under the rooftop also provides a different 

environment for the antenna, as antenna radiation from this 

location tends to interact with the car interior (i.e., a cavity 

with openings) more than that from the rooftop location, as 

the roof shields most of the radiation from the interior.     

IV. SIMULATION RESULTS AND DISCUSSIONS 

The antenna configurations given in the previous section 

were simulated with the car models provided in Section II. 

The time-domain solver of 2018 CST Microwave Studio was 

used for the full-wave simulations. The CST time-domain 

solver is based on the finite integration technique (FIT) [12]. 

For convenience, and with no loss in generality, all metallic 

parts were modeled as perfect electric conductor (PEC), 

giving 100% radiation efficiency.  

 
Fig. 3. Reflection coefficients of the monopole antenna mounted on three 

different virtual prototypes of the hatchback car. 

 
Fig. 4. Radiation patterns of monopole antenna (at 800 MHz) with three 

different models of the hatchback car in the XZ-Plane. 

 
Fig. 5. Radiation patterns of monopole antenna (at 800 MHz) with three 
different models of the hatchback car in the YZ-Plane. 

 
Fig. 6. Radiation patterns of monopole antenna (at 800 MHz) with three 
different models of the hatchback car in the XY-Plane. 

A. Monopole Antenna Performance with Car Models 

The reflection coefficients of the monopole antenna (see 

Fig. 3) are almost the same when mounted on Models A, B 

and C. This is due to nearfield environment (e.g., the ground 

plane in the vicinity of the monopole) being nearly the same.  

The radiation patterns of this antenna in the XZ-, YZ- 

and XY-planes are shown in Fig. 4 to Fig. 6, respectively. Eθ 

and E represent the co- and cross-polar (electric field) 

components of the farfield radiation pattern. From Fig. 4, it 



 

 

can be observed that the co-polar (Eθ) pattern of monopole is 

slightly directional towards the back side of the car. This is 

due to the roof (below the monopole) slightly tilting 

downwards towards the back side of the car. Apart from this, 

since antenna is placed symmetrically in the YZ-plane (see 

Fig. 2(a)), almost symmetrical co-polar (Eθ) patterns are 

obtained in the same YZ-plane (see Fig. 5). The cross-polar 

component of electric field (E) is seen to be generally below 

-10 dBi in both XZ- (Fig. 4) and XY-planes (see Fig. 6), but 

significantly increasing to 0 dB in the YZ-plane (see Fig. 5). 

The very low cross-polar component in the XZ plane (mostly 

below -40 dBi) for Model C is likely an artefact of the time-

domain solver, since this behavior cannot be reproduced in 

other full-wave solvers (e.g., CST frequency domain solver). 

Comparing between the results for Models A, B and C, 

the radiation patterns for Models A and B are more similar to 

each other than to Model C, especially in the dominant Eθ 

component. This observation is confirmed by Table I, which 

shows the magnitude of the complex correlation coefficient 

between the radiation patterns. This result can be due to 

large metal parts in Models A and B (e.g., car seats and 

dashboard) being removed in Model C. Hence, even though 

the car roof partially shields the monopole radiation from 

“seeing” the car interior, major changes in the car interior are 

still reflected in the radiation pattern. In addition, Table I 

also shows that despite significant simplifications in the car 

models, very high correlation of 0.84 is still obtained in the 

worst case, indicating that for this application, the proposed 

model simplification approach is feasible from the viewpoint 

of maintaining the antenna performance.   

 

TABLE I. CORRELATION COEFFICIENTS OF ANTENNA PATTERNS 

BETWEEN DIFFERENT PROTOTYPES AT CENTER FREQUENCY f0 

Models Monopole antenna      

(f0 = 800 MHz) 

PIFA antenna              

(f0 = 2.4 GHz) 

Model A and B 0.91 0.73 

Model A and C 0.84 0.59 

B. PIFA Performance with Car Models 

The reflection coefficients of the PIFA when mounted on 

Models A, B and C are shown in Fig. 7. The matching 

slightly worsens with the simpler models, but very good 

matching (i.e., below -10 dB) is still retained within the band 

of interest (2.4-2.5 GHz).  

The corresponding PIFA radiation patterns for these 

three car models in the XZ-plane (E-Plane) and YZ-plane 

(H-Plane) are shown in Figs. 8 and 9, respectively. It can be 

seen that the E component is significantly higher in the YZ-

plane than in the XZ plane, but this is similar to the behavior 

of a stand-alone PIFA, when placed in the center of a large 

ground plane (e.g., 1 m × 1 m). Hence, it may not reflect the 

effect of the car body. In addition, the large fluctuations in 

the antenna gain across the elevation angles, which are not 

present in a standalone PIFA, are attributed to the reflections 

from the interior of the car body. 

 
Fig. 7. Reflection coefficient of the PIFA mounted in three different virtual 

prototypes of the hatchback car. 

 
Fig. 8. Radiation patterns of PIFA (at 2.4 GHz) with three different virtual 

prototypes of the hatchback car in the XZ-Plane. 

 
Fig. 9. Radiation patterns of PIFA (at the frequency of 2.4 GHz) with three 

different virtual prototypes of the hatchback car in the YZ-Plane. 

The rapid fluctuations in the antenna gain complicate 

visual comparison of the radiation patterns of the PIFA for 

Models A, B, and C. However, as can be seen in Table I, the 

patterns are still correlated to some degree between the 

different models, i.e., by almost 0.6 even between Model A 

and the simplest model (Model C). Furthermore, it should be 

noted that for Model C, the seat frames and the dashboard 

were removed, which result in a very different electro-

magnetic environment inside the car. It has been shown in 

[11] that even minor variations of the metallic parts can 

result in different distribution of electric fields and currents 

inside the car. However, further work is necessary to 

determine an appropriate cutoff point for pattern similarity 

for the purpose of vehicular antenna simulation.   

Overall, the analysis on the effect of model simplification 

on the simulated antenna performance indicates that, under 

certain conditions, simplification results in limited impact. In 

particular, if the antenna is located on the exterior of the car, 

the pattern is shielded from major changes in the interior.     



 

 

C. Computational Time and Complexity of Simulation  

For the model simplification scheme described in Section 

II to be worthwhile, it must offer significant savings to 

computational time and effort. The simulation server used in 

this study has the following specifications: Intel Xeon CPU 

(E5-2620 2 GHz Dual Processor), 192 GB RAM and two 

GPUs (Nvidia Quadro M600 12GB with 3072 GPU cores). 

Tables II and III list the number of mesh cells and time 

needed to simulate the monopole and PIFA performance, 

respectively, on each of the three models. All the simulations 

(on CST time-domain solver) are set to end when the 

convergence accuracy reaches -40 dB (i.e., they are not 

limited by the number of simulation cycles). As can be seen 

in the two tables, the computational time scales almost 

linearly with the number of mesh cells for each antenna 

type, as is expected from FIT and time-domain techniques 

[13]. The computational time is significantly larger for the 

PIFA cases than the monopole cases, and this explained by 

its higher operating frequency, which requires a smaller 

mesh size, and in turn leads to a smaller time step (by the 

Courant stability condition) to simulate the propagation of 

electromagnetic field in the computational volume [13]. In 

addition, the large memory of 192 GB also means that 

physical memory size is not expected to be a limiting factor, 

and this is confirmed by inspecting the available memory on 

the server during simulation runs. 

   TABLE II. SIMULATION COMPLEXITY/TIME FOR MONOPOLE 

Monopole  No. of mesh cells Computational time (hours) 

Model A 35 205 720 1.7 

Model B 18 827 136 0.9 

Model C 13 715 520 0.5 

 

TABLE III. SIMULATION COMPLEXITY/TIME FOR PIFA 

PIFA  No. of mesh cells Computational time (hours) 

Model A 193 872 640 68 

Model B 110 085 000 38 

Model C 55 012 068 17.2 

 

The two tables show that model simplification from 

Models A to B almost halves the required number of mesh 

cells and simulation time, and depending on the antenna, 

further savings of roughly 40-50% are achieved. If Model C 

can be used (according to the required accuracy in antenna 

performance), then the simplification scheme reduces the 

simulation time to less than one third, not including the 

initial simplifications (to reach Model A) in removing non-

metallic parts and other metallic parts (e.g., car engine) 

shielded by the metal shell of the interior.  

V. CONCLUSIONS 

A systematic study on the simplification of car models 

for vehicular antenna simulation is presented in this work. A 

time-domain solver is used for the full-wave simulations. 

The results show good potential for the proposed model 

simplification scheme to achieve up to 70% reduction of 

simulation time/complexity while retaining good accuracy 

(i.e., 0.84 correlation in the radiation patterns). Moreover, 

significant cross-polar component was observed in the YZ-

plane for both antennas. This can be due to reflections and 

diffractions on the car body, and it can be an interesting 

aspect for further study. Finally, it should be noted that this 

study focuses on the loss of accuracy of the simulated 

antenna performance due to simplifications. Validation of 

the simulated results against measured results based on 

equivalent prototype antennas on a real car is a subject for 

future work. 
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