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Abstract—Hidden antenna solutions for car roofs are of 

current interest to car manufacturers, to avoid having larger 
shark-fin based antenna systems to support growing number 
of wireless services. However, there are only a few studies in 
the literature on the integration of hidden antennas, 
particularly in relation to realistic roofs and propagation 
channels. This paper investigates the performance impact of 
hiding car roof-top antennas in roof cavities for an outdoor 
channel defined by an angular power spectrum. Different 700 
MHz antenna concepts and roof cavity locations are 
considered for an idealized flat roof as well as a real curved 
roof. The results reveal that hiding antennas in cavities result 
in a minor mean effective gain (MEG) penalty of up to 1 dB, 
for a flat rectangular car roof. However, a realistic roof 
curvature can largely offset the MEG loss. Moreover, different 
monopole-based antenna concepts can provide MEG 
variations of up to nearly 3 dB, indicating that significant 
performance gain can be achieved through an optimized 
design.   

Index Terms—vehicular antenna, internal antenna, MEG. 

I.  INTRODUCTION  

Similar to smartphones, the design of a car’s appearance 
has become a key factor in determining the success of the car 
in the consumer market. In addition, potential customers are 
focusing more and more on the safety features and the 
connectivity functions offered by the car [1], [2]. Little 
attention is paid to the size and power of the engine, which 
used to be the key selling point. There is also a gradual shift 
towards autonomous drive, which puts higher demands on 
the car to be well aware of its surroundings as well as to be 
connected to the outside world via multiple wireless systems. 

In recent years, antennas for wireless systems are usually 
placed on the rear part of the car roof. The size of these 
“shark fin” roof antennas has been increasing, due to an 
increasing number of wireless systems being supported [3]-
[5]. This trend is in conflict with the growing interest to 
decrease the drag coefficient of hybrid and electric cars, to 
make the car battery last longer for an increased electric-
driven range. Moreover, the current trend in replacing the 
plain car roof with a big panorama roof and even a complete 
glass roof also challenges the existence of a visible antenna 
system. In addition, from an aesthetic point of view, these 
shark fin antennas with their design constraints are becoming 
old-fashion and they do not match the styling of newer cars.   

Therefore, there is a growing interest in developing 
hidden antenna solutions to replace the visible shark fin 
antennas [6]-[10]. Low et al. [6] studied the use of a cavity 
on the car roof for hidden antenna solutions. This concept 

was proposed for antennas operating at AM (0.150-1.5 
MHz), FM (88-108 MHz), DAB (217.5-230 MHz) and TV 
(470-862 MHz) frequencies. However, the study focused on 
the FM frequencies and did not consider the performance of 
the antennas for the higher frequencies. To improve safety 
and appearance of the roof antennas, efforts have also been 
made to lower the antenna height. For example, the low-
profile LTE/GPS/satellite radio multiband antenna proposed 
in [7] has the height of 0.056 wavelength, at the lowest band 
of 830 MHz. Further studies have been done for narrowband 
[8], wideband [8], [9] and pattern reconfigurable [10] 
antennas within 0.7-6 GHz using the roof cavity concept.  

Although comments are made in [6]-[10] on how well 
the radiation patterns of the proposed antennas meet some 
criteria in the upper hemisphere (e.g., high gain in the 
horizontal plane for good coverage), only paper [6] provides 
numerical and experimental evaluation with the channel (for 
FM antennas). Moreover, these antennas are mounted on a 
flat circular or square ground plane, e.g., 1 × 1 m2 [8], [10], 
which does not reflect realistic roof dimensions nor take into 
account the roof curvature inherent in the design of many 
modern cars. The curvature of the roof results in a specific 
inclination angle at the front and rear parts of the roof, 
which is typical 5º-20º depending on the type of car. For 
example, the roofs of sports cars or sedan cars tend to have 
larger inclination angles in comparison to sports utility 
vehicles (SUVs) or station wagons.  
 In this context, this paper aims to provide useful insight 
into the effect of realistic roof curvature on the performance 
of several hidden antennas in a roof cavity, based on full-
wave simulations. Different low-profile monopole-based 
hidden antennas and a quarterwave monopole covering LTE 
Band 13 (746-787 MHz) are utilized in order to examine the 
impact of antenna design. Moreover, the effect of the 
propagation channel is directly included in this simulation 
study by means of combining the antenna patterns with an 
outdoor channel defined by an angular power spectrum 
(APS).  

II. SIMULATION SETUP  

A. Reference Monopole and Monopole-based Antennas 

In this paper, we focus on monopole and monopole-
based antennas that offer monopolar (or monopole-like) 
antenna pattern. This is because monopolar antenna pattern 
is known to be desirable for terrestrial wireless 
communications (e.g., LTE), where the main directions of 
arrival (and departure) of radio signals tend to be 



concentrated around the elevation angles of 60º-90º (90º 
being the azimuth plane). In contrast, GPS antennas should 
provide good skyward coverage (e.g., small elevation 
angles), which makes patch antennas a suitable choice.    

Four antennas are considered in this study. All the 
antennas are first mounted on a flat 1 × 1 m2 ground plane 
with no cavity and tuned to cover LTE Band 13 (746-787 
MHz) at 6 dB impedance bandwidth (see Fig. 1). The 
antenna simulations were performed using the time-domain 
solver in the 2017 CST Microwave Studio software [11]. All 
the antennas and the ground planes are assumed to be perfect 
electric conductor (PEC).   

  
Fig. 1. Simulated reflection coefficients of four different antennas on a 
flat 1 × 1 m2 ground plane. The four antennas are shown in Fig. 2. 

          
           (a)          (b) 

              

          (c)                                            (d) 

Fig. 2. 3D view of the simulated antennas: (a) λ/4 monopole, (b) 
HMMPA, (c) UWB antenna, (d) top-loaded monopole. 

A quarterwave (λ/4) monopole antenna of height 94 
mm, shown in Fig. 2(a), is used as a reference case. Even 
though it does not fit into the roof cavity considered in this 
paper, it provides a reference monopolar antenna pattern for 
the remaining three other antennas (see Figs 2(b)-2(d)) that 
were designed for low-profile but still maintaining 
monopolar operation (hence offering monopolar pattern). 
The second antenna, called Higher Mode Microstrip Patch 
Antenna (HMMPA) [12], is a low-profile antenna originally 
designed for on-body communications in body area 
networks (see Fig. 2(b)). It is designed to enhance radiation 
along the body surface, resulting in a monopolar pattern. 
Here, it is tuned to cover LTE Band 13 and the resulting 
outer dimensions are 90 × 129 × 13.5 mm3. The third 

antenna, called UWB antenna (see Fig. 2(c)), is a simplified 
version and of the low-profile wideband antenna in [9]. It 
was proposed for integration into a car roof cavity. It 
resembles a folded rectangular plate, with a 2 mm air gap 
along the folded edge. Around the center of the gap (for a 
length of 20 mm), the gap width is reduced to 1 mm. The 
antenna is fed using a discrete port (of length 1 mm) placed 
across the center of the air gap. The slit and the curved air 
gap in the original design in [9] were not incorporated. The 
dimensions of this antenna are 84 × 84 × 30 mm3. The 
radiation pattern of this antenna is the least monopole-like 
antenna among the four antennas. This is because it does not 
have a null along the z-axis [9]. The final antenna (see Fig. 
2(d)) is a top-loaded monopole, based on the design in [13]. 
The overall height is 32 mm and the gap between the top 
and bottom circular plates is 8 mm. The diameter of the 
circular plates is 35 mm. 

B. Car Roof Models and Roof Cavity Model 

 Different car roof models were used in this study. Apart 
from the reference 1 × 1 m2 flat ground plane (no cavity). To 
examine the impact of having a larger ground plane, which 
better resembles the dimensions of a car roof (in this case, 
the car roof of Volvo S90), a flat ground plane of dimensions 
1.667 × 1.192 m2 is used. The antenna was placed at the 
center, as for the 1 × 1 m2 case. To consider the impact of 
sinking the antennas into a roof cavity, two cavity locations 
were studied for the enlarged flat ground plane. The roof 
cavity considered in this paper is based on the cavity model 
in [8] and [10]. The depth of the cavity is 40 mm and the 
other dimensions are given in Fig. 3.  
 
 
 

 
 
 
 
 
 
 

 
Fig. 3. Dimensions of roof cavity on a ground plane. The cavity depth is 
40 mm. The forward direction of the car is indicated.  

 For the two cavity locations of the flat roof, one is in the 
center and another is in the rear part (i.e. identical to the 
front part, due to symmetry in this study), as shown in Figs. 
4(a) and 4(b). The rear cavity is offset by 0.6 m from the 
center of the ground plane along the x axis.  

To examine the impact of curvature on a real car roof, 
the car roof of Volvo S90 was chosen, for both cases of with 
and without sun roof (See Figs. 4(c) to 4(f)). For the case 
with no sun roof, three cavity locations (front, center and 
rear) were considered, as shown in Figs. 4(c) to 4(e). The 
front and rear positions are offset from the center of the 
curved roof by 0.462 m and 0.5 m, respectively, along the x 
axis. The inclination of the roof at the front and rear position 
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plane 



 

 
 

       

 

 

 

Fig. 4. 3D view of the simulated car roofs (flat, curved or curved with sun 
roof) with different cavity locations.  

is approximately 10º. The impact of the sun roof on the 
performance is also investigated by using the car roof of 
Volvo S90 with the sun roof option, as shown in Fig. 4(f). 
In this case, only the rear cavity location can be considered. 

C. Mean Effective Gain and Angular Power Spectrum 

In a multipath environment, such as the vehicular 
channel considered in this paper, mean effective gain 
(MEG) can be used to evaluate the overall channel gain, 
given an APS and a 3D antenna pattern. MEG assumes 
channel gain averaging over a random route and it is 
defined as the ratio between the mean received power at a 
mobile antenna and the total mean incident power. In 
spherical coordinates, MEG can be calculated as [14] 

( ) ( )1
( ) ( )

1 1
MEG G P G P dθ φθ φ

γ
γ γ

= Ω Ω + Ω Ω Ω
+ +∮ , (1) 

where γ  is the cross-polarization ratio (XPR), ( , )θ φΩ = , 
sind d dθ θ φΩ = , ( )Gθ Ω  and ( )Gφ Ω  are the θ  and φ  

components of the antenna gain pattern, and ( )Pθ Ω  and 
( )Pφ Ω represent the θ  and φ   components of the incident 

APS. The antenna gain is the realized antenna gain, which 
includes mismatch, dielectric and conductive losses.  

For an outdoor multipath environment, the APS can be 
modeled by a uniform distribution in the azimuth and a 
Gaussian distribution in the elevation, with the mean of θ  = 
80° (or 10° from the azimuth plane) and the variance of 15° 
[15]. The APS is assumed to be identical for both 
polarizations and the XPR is given by γ = 5 dB. As a 
reference, the case of 3D uniform APS (i.e., uniform rich 
scattering from all directions) was evaluated. In this special 
case, ( ) ( ) 1P Pθ φΩ = Ω =  and 1γ = . The MEG for this 
case should be -3 dB, if the antenna is lossless and perfectly 
matched [16]. The MEG results were evaluated at the center 
frequency of 775 MHz, which means that the simulated 3D 
antenna patterns were extracted at this frequency.   

III. RESULTS AND DISCUSSION 

The simulated radiation patterns of the reference antenna 
(i.e., the λ/4 monopole) and the HMMPA in different cavity 
locations and roof models are shown in Figs. 5 and 6, 
respectively. To ease comparisons, the realized gain is 
shown for the range of -25 dB to 10 dB for all the pattern 
plots. The radiation patterns of these two antennas are shown 
as they are the extreme cases in terms of antenna height. The 
case of each of the antennas on the 1 × 1 m2 ground plane 
(no cavity) is also added as a reference. In Fig. 5, it can be 
seen that there are only small variations in the φ = 90° cut 
among different cavity locations for the λ/4 monopole. In 
contrast, there are more variations in the φ = 0° (xz-plane) 
and θ = 90° (azimuth plane) cuts due to the curvature of the 
roof along the x axis. Due to the flat surface in the middle of 
the curved car roof, the center cavity location gives a 
symmetric radiation pattern. For the HMMPA (see Fig. 6), 
the φ = 90° cut seems to be more distorted (relative to 
monopolar pattern) in the curved roof cases except for the 
center cavity.   

(a) Flat roof with center cavity 
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(b) Flat roof with rear cavity 

(d) Volvo S90 roof with center cavity 

(c) Volvo S90 roof with front cavity 

(e) Volvo S90 roof with rear cavity 

(f) Volvo S90 roof with sun roof and rear cavity
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    (a) φ = 0°         (d) φ = 0° 

 
(b) φ = 90°          (e) φ = 90° 

   
                  (c) θ = 90°              (f) θ = 90° 
 
 
 

          

Fig. 5. 2D cuts of λ/4 monopole antenna patterns (realized gain) for the 
curved roof cases (all with cavity) in (a)-(c) and for the flat roof cases 
(without cavity or with cavity in center/rear) in (d)-(f).  

TABLE I.  SIMULATED MEG (dB) FOR OUTDOOR ENVIRONMENT 

Roof Type Cavity 
position 

 λ/4 
Monopole 

UWB 
antenna 

HMMPA Top loaded 
monopole 

1 × 1 m2 No cavity 0.35 -1.35 0 0.1 

Flat roof No cavity 0.82 -0.82 0.52 0.58 

Flat roof Center 0.41 -1.72 0.17 0.17 

Flat roof Rear -0.093 -1.82 -0.37 -0.24 

Curved 
roof 

Front 0.34 -1.28 -0.14 0.13 

Center 0.77 -1.15 0.54 0.58 

Rear 0.09 -3 -0.34 -0.13 

Curved 
with Sun 

Roof 

Rear -0.49 -2.7 -1.15 -0.71 

 

 
    (a) φ = 0°         (d) φ = 0° 

 
(b) φ = 90°          (e) φ = 90° 

 
                  (c) θ = 90°             (f) θ = 90° 
                    
 
 

Fig. 6. 2D cuts of HMMPA patterns (realized gain) for the curved roof 
cases (all with cavity) in (a)-(c) and for the flat roof cases (without cavity 
or with cavity in center/rear) in (d)-(f).  

 

The MEG for the 3D uniform APS is found to be around 
-3 dB for all cases, which is expected, since the antennas are 
lossless and well matched at the center frequency. 
Therefore, this reference MEG evaluation highlights the 
impact of the antenna pattern, the propagation channel and 
their mutual interaction on the achieved overall channel 
gain. For the outdoor (non-uniform) environment defined in 
Section II-C, the MEG results are summarized in Table I. 

It can be seen that the flat ground plane with the size of 
the car roof has higher MEG compared to the 1 × 1 m2 
ground plane. This can be attributed to the smaller ground 
plane causing the antenna pattern to tilt upwards [16], which 
may be observed for the λ/4 monopole and HMMPA in Figs. 
5 and 6, respectively. A flat roof without any cavity is the 
optimal case for all antennas, as may be expected from the 
larger ground plane than the 1 × 1 m2 case and also having 
no obstruction from cavity walls. For the curved roof cases, 



the highest MEG for all the antennas is achieved for the 
center cavity location, as any inclination of the roof results in 
some distortion in the symmetric monopolar pattern (i.e., 
pattern rotated by the inclination angle). Furthermore, it is 
also better than the flat roof center cavity case because the 
curved roof can provide less obstruction to the radiation 
along the azimuth plane.  

For the flat roof with cavity in the center, the MEG 
around 0.5 dB better than the cavity in the rear, except for 
the UWB antenna. This is because the ground plane size 
around the cavity affects the monopolar patterns, but the 
UWB antenna is less affected due to its more significant 
upward radiation (i.e., like a patch but with less gain) [9]. 
There are some differences in the MEG for the front and the 
rear cavity locations for the curved roof due to a slight 
difference in inclination of the curved roof. The difference is 
larger for the UWB antenna case, due to more asymmetric 
pattern along the x axis. Another interesting comparison can 
be made for the curved roof, with and without sun roof. It 
can be seen that the sun roof case always has lower MEG 
due to the smaller size of the ground plane (especially in the 
vicinity of the cavity) [16].  

Generally, we see that the different antennas show 
similar variations when compared among all the cases. The 
maximum variations in MEG for the λ/4 monopole, UWB 
antenna, HMMPA and top-loaded monopole are 1.3 dB, 2.18 
dB, 1.69 dB and 1.29 dB, respectively. The UWB antenna 
has the worst performance since its radiation pattern is least 
monopolar (and patch-like in having significant upward 
radiation) [9], which implies poor matching to the defined 
outdoor channel with incident waves focused around the 
azimuth plane. For a curved roof, the center location of the 
cavity is the best and the rear location is the worst. Having a 
sun roof further degrades the MEG by approximately 0.5 dB. 
Finally, the design of the low-profile (hidden) antenna can 
result in significant differences in the MEG performance. In 
particular, the difference is nearly 3 dB between the UWB 
antenna and the top-loaded monopole for the curved roof 
with the rear cavity location. This highlights the need to 
design the hidden antenna for optimal performance, with the 
propagation channel being taken into account.   

IV. CONCLUSION 

This study focused on the performance of four antennas 
having monopole or monopole-like pattern, when each one is 
mounted in a roof cavity. The effect of roof curvature is also 
investigated. The results show that the antenna performance 
is best when the cavity is in the center of the roof when 
compared to the front and the rear locations. The sun roof 
case has the worst performance in comparison to other roof 
variants and cavity locations, due to pattern distortion from 
inclination (of rear cavity) and smaller ground plane. 
Possible future work includes the effect of the material of the 
cavity cover on antenna performance. 
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