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Abstract—In this paper, a wideband circularly polarized antenna is designed for integration into the glass roof of a modern car for GNSS positioning applications. Characteristic mode analysis is used to obtain more physical insight into the problem and hence satisfy the polarization and bandwidth requirements. The antenna has a low profile and uses a single coplanar waveguide feed to cover all GNSS bands. The measured 10 dB impedance bandwidth of the prototype is 52% and the 3 dB axial-ratio (AR) bandwidth is 39%. Full-car simulation results are presented for different antenna positions on the roof. It is shown that the middle and rear-right positions are preferred in terms of the AR performance.
Index Terms—GNSS antenns, hidden antenna, roof glass, vehicular antenna.
 Introduction 
Automotive communications are growing rapidly due to the increasing interest to tap into the latest advancements in wireless communications and transform a car into a smart system. As more and more wireless services are supported, the number of antennas that must be fitted into the car have also increased considerably. The antennas for some of the most important services are commonly integrated in a protruding antenna module called “shark-fin” since over a decade ago ‎[1], ‎[2]. However, the shark-fin module should not grow in size to accommodate more antennas, as this will degrade the car’s aerodynamics and aesthetic appearance, with the latter aspect being a major selling point for passenger cars ‎[3]. 
Another ongoing car design trend is to replace the metal construction in the upper part of the car body (i.e., windows, pillars, and roof), except for the supporting metal frames (“body-in-white (BiW)”), with glass construction. This trend imposes constraints on the traditional antenna packaging positions. However, the usage of large-area glass roofs opens an opportunity for innovative antenna solutions, as one or more antennas can be built into the glass structure. Previous studies on vehicular antennas mainly deal with glass-based antenna systems for TV and FM reception in the rear window or windshield, with operating frequencies ~100 MHz ‎[4], ‎[5]. 
	Global Navigation Satellite System (GNSS) is one of the wireless technologies used by the vehicular industry and it is used for positioning. The position estimation in a generic GNSS system starts with reception of a satellite signal through a GNSS antenna, which is commonly connected to a low-noise amplifier and then a receiver. The GNSS antenna is required to operate with right hand circularly polarization (RHCP), preferably at three bands (i.e., L5 (1160-1190 MHz), L2 (1197-1249 MHz) and L1 (1559-1606 MHz)), to achieve good adaptability towards common GNSS receivers. If the adjacent L2 and L5 bands were together as the “low band” and L1 as the “high band”, then the small frequency ratio (1.3) presents a significant challenge for multi-band antenna design. 
	Furthermore, the placement of the GNSS antenna on the vehicle is important for the reliability and accuracy of position estimates. In particular, the antenna pattern should be skyward pointing to receive GNSS signals from satellites and not be obstructed by any part of the vehicle. Therefore, GNSS antenna is expected to provide the best performance when mounted at the topmost part of a vehicle (i.e., roof) as compared to any other position in/on the vehicle. With the introduction of glass roof, packaging a traditional (above roof) GNSS antenna in this position is no longer an attractive solution. On the other hand, a GNSS antenna structure that is integrated into the roof glass would be more favorable. 
To our knowledge, the antennas used for GNSS today have relatively high profiles and are costly, to fulfill high performance requirements ‎[6]. The high profiles make them unsuitable for roof glass integration. There exist a few low profile GNSS antennas ‎[7]-‎[9], but they are either not embedded inside the roof glass ‎[7], or they do not fulfill the circular polarization (CP) bandwidth requirement ‎[8], or they need to use separate feeding networks and phase shifters to facilitate CP operation, which is not desirable for glass integration ‎[9].
In this paper, we propose a single-layer GNSS antenna which is embedded in the glass roof of a real car and covers L5, L2 and L1 in a wide frequency band using a single coplanar waveguide (CPW) feed. In the design process, characteristic mode analysis (CMA) ‎[10] is used to obtain physical insight for achieving a wideband CP antenna. The design process starts with a square slot antenna which has wider-band modes than those of a typical microstrip-fed CP patch antennas ‎[11]. A prototype is fabricated using a multi-layer glass. Finally, full-car simulation results of the glass integrated GNSS antenna in different roof positions are given. 
Square Slot Antenna Design
A. Roof Glass Model
Figure 1(a) depicts the simplified cross-section of a laminated glass typically used as roof glass. The simplified
[image: ]
(a) Simplified cross section of a laminated glass model, (b) glass sample, and (c) antenna prototype. 
[image: ]
Top view of (a) square slot, (b) CPW-fed square slot, and (c) GNSS antenna with parameters (Unit: mm): L1 = 80, L2 = 48, L3 = 17.5, L4 = 22.5, L5 = 14, L6 = 10, L7 = 8, L8 = 4.1, W1 = 3, W2 = 3.8, W3 = 2.2, W4 = 1, W5 = 2. The 50 CPW line has the dimensions of width = 2.2 , gap = 0.5.
model consists of an outer glass, an inner glass and a polyvinyl butyral (PVB) layer in-between ‎[12]. Figure 1(b) shows the three layers of the glass sample. The PVB layer has a low-profile (0.003 λ0, λ0 is the wavelength at 1.2 GHz) ‎[13].  It is extremely challenging to drill holes through the glass and it is therefore undesirable to use conventional coaxial probe feed or shorting vias. The antenna is to be embedded inside the glass roof. Therefore, this design is less conspicuous than traditional antennas or sticker antennas mounted on car glass, and it is also protected from vandalism and other hazards. In the final prototype the antenna is printed on a Rogers 5880 substrate and the PVB layer is mounted on the printed side of the PCB. Then, the PCB-PVB structure is placed between the inner and the outer glass.
[image: ]
Modal significance of slot structures in Fig. 2.
[image: ]
Surface current and normalized total electric field magnitude of the square slot’s CMs in Fig. 2(a).
Design of the Wideband CP Antenna Using CMA
	A basic square slot structure, known to offer wideband modes ‎[8], is used as the starting point for the antenna design. The slot structure is placed on an infinite lossless dielectric layer with εr = 3.8 and thickness of 0.76 mm. The top view of the square slot without any feed is shown in Fig. 2(a). CMA is performed using the method-of-moments solver in 2022 Altair FEKO. By examining the characteristic modes (CMs) of the structure, physical insight into the radiation problem can be obtained and used to achieve CP operation in the required bandwidth. In particular, the square slot has two degenerate modes (CM1 and CM2) in the GNSS bands as shown in Fig. 3(a). Figure 4 illustrates the (bidirectional) broadside far-field patterns of CM1 and CM2. By adding a 50Ω CPW in the middle of one side where the modal current of CM2 is maximum, the resonant frequency of CM2 is shifted to higher frequencies (see Fig. 3(b)). However, the modal properties of CM2 are unchanged. 
	For CP operation, two resonant CMs with orthogonal polarization and 90 phase difference are needed over the 
[image: ]
(a) S11 and (b) AR of the GNSS antenna with two glass sizes.
whole bandwidth. By adding an asymmetrical strip to the feedline (see Fig. 2(c)), one more broadside mode (CM3) with a higher resonant frequency is added (see Fig. 3(c)). The CP operation in higher frequencies (around L1) can be mainly tuned by this strip. On the other hand, the CP operation in the lower frequencies (covering L5 and L2) can be tuned by the metal ring in the slot region mainly by modifying the modal fields inside the slot in this band. The T-shaped stub on the right is added for impedance matching and overlap of modal bandwidths for CP operation. The slits around the feedline are made to improve the matching in the entire (wide) band. 
Figure 5 presents the simulated reflection coefficient S11 and axial ratio (AR) of the optimized glass-integrated antenna shown in Fig. 2(c). In this case, the antenna is in the middle of the of the PVB layer, sandwiched between two glass layers (see Fig. 1(a)), for the glass size of 80 mm  80 mm. The antenna parameters are given in the caption of Fig. 2(c). The full-wave simulations were performed in the finite element method (FEM) solver of 2022 Ansys HFSS. Both the 10 dB impedance bandwidth and 3 dB AR bandwidth cover the intended wide band spanning L1, L5 and L2 (1160-1606 MHz). The glass layer on either side of the PVB has a loading effect on the antenna. As can be seen in Fig. 5, the glass size has an impact on both S11 and AR. The S11 curve is slightly shifted towards higher frequencies and the AR performance worsens especially in the L2 and L5 bands. However, the desired results can be restored by optimizing the parameters in Fig. 2(c), especially the metal ring, i.e., L3 = 18.1 mm, L4 = 23 mm, and CPW width is 2 mm.
Prototype and Measurment
As a proof of concept, we fabricated the antenna on an 80 mm  80 mm Rogers 5880 substrate with single-copper layer (35 m), thickness of 0.252 mm, relative permittivity of 2.2 and loss tangent of 0.001. The antenna is intended to be placed in the blackout region of the glass roof. The PCB is embedded in the laminated roof glass of size 300 mm  300 mm, with the copper side of the PCB facing the PVB layer (see Fig. 1(c)). The in-glass CPW line has been extended to the edge of the laminated glass, so that a coaxial cable connector could be attached directly to the CPW line. The simulation and measurement results shown in Figs. 6-8 show good agreement. There are some discrepancies between the measured and simulated S11, which could be due to fabrication 
[image: ]
Simulated (Sim.) and Measured (Meas.) S11 of the glass integrated antenna.
[bookmark: _Hlk147483644][image: ]
Measured and simulated LHCP and RHCP far-field normalized patterns of the glass integrated antenna at (a) 1.2 GHz and (b) 1.6 GHz.
[image: ]
Measured and simulated AR of the glass integrated antenna at broadside.
tolerance and inaccuracies in the provided material parameter values. Nevertheless, better than 10 dB impedance matching is achieved over the L1, L2 and L5 bands. Also, measured peak gains at 1.2 GHz and at 1.6 GHz are 2.8 dBic and 3.24 dBic, respectively.  The radiation parameters of the fabricated prototype were obtained from a SATIMO multi-probe spherical near-field system in an anechoic chamber. 
Full-Car Simulation
In this section, the results of full-car simulation for the proposed roof glass integrated GNSS antenna are presented. To avoid unnecessary complexity in the simulation, a simplified real car model with sufficient accuracy was used (see Fig. 9(a)) [14]. The simulation was performed in the time-domain solver of 2022 CST. In the simulation setup, a 15 cm thick cylindrical RF absorber with radius of 20 cm is placed 5 cm below the antenna (centered below the center of the slot) 
[image: ]
(a) Simplified model of a real car and (b) Glass integrated GNSS antenna in four different positions on the roof glass of a car in (a).
[image: ]
Component level (CL) S11  and full-car S11 for different positions. 
[image: ]
Broadside AR  for component level (CL) and full-car simulations. 
to model the absorptive environment inside a real car. The number of mesh cells in the GNSS frequency bands are in the range of 100 to 140 millions. Four different positions of the antenna in the glass roof have been simulated, as illustrated in Fig. 9. In Figs. 10 and 11, the full-car simulation results are compared with component level (CL) results, the latter with only a 300 mm  300 mm glass. As can be seen in Fig. 10, the full-car S11 is different to the CL S11. However, the targeted GNSS bands are still covered in all the four positions. On the other hand, the AR results are more sensitive. Figure 11 shows that the AR has generally increased for all different positions with respect to the CL results. The simulation results for position 1 (Pos. 1) shows that the AR is more affected in the L1 band than the L2/L5 bands. However, in Pos. 2 and Pos. 3, the AR in L2/L5 are more affected. In average, we can conclude that the Pos. 1 is the best position for integrating the GNSS antenna to the roof glass, followed by Pos. 4, Pos 2 and Pos 3.
Conclusions
In this paper, a wide band single feed CP antenna is integrated with the roof glass of a modern car. This approach is a significant step towards making the antenna part of the vehicle body, as opposed to the traditional way of packaging a bulky antenna component in the car. The proposed antenna structure does not need any additional external circuit (i.e., phase shifter, power divider, matching elements, etc.) for the purpose of matching or circular polarization operation. Full-car simulation results shows that the preferred place for integrating the proposed integrated GNSS antenna is in the middle of the roof glass and the second best place is at the rear-right position. 
It is noted that the antenna can also be made transparent or semi-transparent to improve its aesthetic appearance. To have high overall optical transparency, it can be fabricated using conductive mesh and then be embedded inside the PVB layer.
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