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Channel characterization of full-duplex VLC system for urban tunnels

Shortly, many communication dependent processes will be deployed in cities. However, there are scenarios where traditionally RF solutions cannot provide communication. Visible Light Communication has recently emerged as a favorable complement to RF to cover this need. In particular, the vehicular tunnel are a major challenge, where the communication needs to be redundant. This paper presents a fullduplex VLC system for vehicular tunnels. The system allows communication between vehicle and infrastructure using the vehicle's lamps and tunnel lighting system. Simulations are conducted to analyze the performance of the communication system links. Them demonstrate that VLC full-filled the minimum requirements.

I. INTRODUCTION

In recent years, automatic processes are being developed in many areas of our everyday life. They aim to cover all possible tasks in urban scenarios and need to guarantee that their systems are permanently connected. However, there are certain situations or places where traditional Radio Frequency (RF) systems do not work well such as the urban vehicular tunnels. This raises the necessity of deploying alternative and complementary communication technologies for these type of environments. For instance, RF propagation inside tunnels at the Dedicated Short Range Communications (DSRC) band is highly affected by multipath propagation. Furthermore, the time behavior of the channel is influenced by the movement of vehicles. This means that propagation is affected by Doppler Spread [START_REF] Li | Radio channel measurements and analysis at 2.4/5ghz in subway tunnels[END_REF], reducing both effective coherence bandwidth and time along the road [START_REF] Hrovat | Traffic impact on radio wave propagation at millimeter-wave band in tunnels for 5g communications[END_REF].

Under these circumstances, there is a need to develop an adequate complementary communication system for ensuring connectivity. A feasible option for these harsh scenarios is the use of Visible Light Communication (VLC) as the aforementioned complementary technology. VLC uses the visible optical spectrum which ranges from 400 nm to 700 nm. This technology uses light sources This project has received funding from the European Union's Horizon 2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement No 764461 such as LED lamps, LED screens or the vehicles' head and tail lamps to transmit information [START_REF] Cȃilean | Current challenges for visible light communications usage in vehicle applications: A survey[END_REF]. The light sources transmit data modifying their emitted optical power following the traditional Intensity Modulated with Direct Detection (IM/DD) paradigm. Moreover, light intensity changes at a frequency high enough to avoid flickering. Furthermore, this technology does not cause interference with RF communications.

The integration of VLC systems in vehicular scenarios has been studied for a decade. These studies include channel investigations for Vehicle-to-Vehicle (V2V) communication [START_REF] Uysal | Visible light communication for vehicular networking: Performance study of a v2v system using a measured headlamp beam pattern model[END_REF], [START_REF] Yu | Smart automotive lighting for vehicle safety[END_REF] and validations of the VLC standard in vehicular scenarios [START_REF] Turan | Physical layer implementation of standard compliant vehicular vlc[END_REF]. In addition, the inclusion of VLC in the Infrastructure-to-Vehicle (I2V) communication model has been studied in [START_REF] Lourenc ¸o | Visible light communication system for outdoor applications[END_REF], [START_REF] Cailean | Visible light communications cooperative architecture for the intelligent transportation system[END_REF]. This is essential to allow local authorities to provide vital information to the Intelligent Transport System (ITS). In these works, vehicular communication is deployed using Road Side Units (RSU), which are integrated into the streets and traffic lights. However, most of the literature in I2V communication is focused on using VLC only for performing downlink communications.

The advantages of VLC respect to DSRC have been also studied. On the one hand, the VLC channel is stationary for longer periods and presents less fading than RF communications [START_REF] Wu | Modeling vehicle-to-vehicle visible light communication link duration with empirical data[END_REF], [START_REF] Cui | Characterizing channel fading in vehicular visible light communications with video data[END_REF]. Furthermore, the negative effect of Doppler spread in RF systems decreases in VLC channels. This occurs because the used VLC transmitters are significantly directive, whilst DSRC RF signals are affected by the entire surrounding area. Moreover, the ray-based propagation nature of VLC clearly delimits the coverage area, allowing high scalability, less complex medium access schemes in consequence, and finally lower latencies [START_REF] Cheng | Comparison of radio frequency and visible light propagation channels for vehicular communications[END_REF]. VLC has been also considered to provide support and localization capabilities in mining tunnels where RF signals are restricted [START_REF] Iturralde | A new vlc system for localization in underground mining tunnels[END_REF]. Several studies have been carried out to characterize the channel of these types of applications [START_REF] Wang | A general channel model for visible light communications in underground mines[END_REF], [START_REF] Yusuf | Experimental investigation of v2i radio channel in an arched tunnel[END_REF]. However, VLC in tunnel environments has not been deeply studied nor implemented yet.

In this paper, an analysis of VLC as a vehicular communication technology in urban tunnels is presented. Both optical downlink and uplink were studied using a time-frequency approach in order to observe the effect of the relative movement of vehicles respect to the other endpoints. The time-varying impulse responses needed for the analysis were obtained using a Modified Monte Carlo Ray Tracing (MMCRT) [START_REF] Francisco | Ray-tracing algorithms for fast calculation of the channel impulse response on diffuse IR wireless indoor channels[END_REF] algorithm and the 3D model of the scenario under consideration.

This paper is structured as follows. Section II describes the implemented system under an urban tunnel scenario. Section III explains the method used in the evaluation. In Section IV, the results are discussed. Finally, Section V presents a set of conclusions. II. SYSTEM OVERVIEW This section describes the scenario conditions and the system's characteristics. The design and construction of urban road tunnels need to comply with very strict regulations and technical requirements, including the lighting system. Each European country has its own regulations. In order to ensure the implementation of a VLC system in the urban road tunnels, they need to adapt their designs to follow these rules. restriction deals with the illumination levels, which variate according to the vehicle's localization and speed limits. These levels are changed with the lamp's driver and adjusting the distance between lamps. The LED drivers are based on dimming techniques, which are considered in the VLC standard [START_REF]Ieee standard for local and metropolitan area networks-part 15.7: Short-range optical wireless communications -redline[END_REF].

The use of a dimmer modifies the average humanperceived power, but the channel response is not affected by them. However, depending on the dimming technique, this may require a minimum device bandwidth. Otherwise, the modification of the lamps' distance can impact the channel parameters. To avoid flickering, the guidelines give some recommended distances according to the speed [START_REF]Road tunnel ligthing. common nordic guideline. Standard, Comitte 61:Bridges and[END_REF]. For the current evaluation, the longest inter-lamp distance was taken into consideration (12 meters). This case would a priori represent a case with significant variations.

The simulated scenario considers a segment of a twolane tunnel with the maximum dimensions (a width of 14.2 m and a height of 4.9 m) [START_REF]Guia técnica de aplicación de eficiencia en iluminación de alumbrado exterior-anexo ii[END_REF]. The floor has been assumed to be made of asphalt, whilst the tunnel's walls have been modeled as concrete.

The system is composed of multiple Access Points (AP) distributed along the tunnel. Each AP provides communication services to an area. They are interconnected by an optical backbone and coordinated by a module called Aggregation Agent (AA). The ITS can access this network using the Mobile Unit (MU), a VLC module installed on the vehicle.

Typically, APs have their downlink and uplink endpoints in the same enclosure. Nonetheless, in this work downlink and uplink are disaggregated since both communication directions are VLC-based. The downlink comprises a tunnelmounted VLC transmitter (LED lamp) and a vehiclemounted VLC receiver. On the other hand, the uplink is formed by the vehicle's headlamp and a RSU close to the tunnel's wall.

The MU utilizes the vehicle's headlamps for the uplink and its receiver is placed at the vehicle's hood. A system diagram can be seen in figure 1. The MU's design has an analogous architecture. However, one of the most significant differences in respect to the AP is that the latter uses a tunnel lamp as part of its transmitter while MU uses a vehicle's headlamp. Furthermore, the control unit is linked with the ITS computer, instead of the core network. Figure 2 depicts the architecture of each module and their interaction. The last module is AA. In essence, it is a router that distributes data traffic. To perform a correct distribution, it is necessary that this module could be capable of tracing each user in the network. Another important task is keeping the network's security. Finally, it coordinates the mobility process in the network (usually handover).

This work has considered commercial lamps on both AP and MU looking for a realistic approach. The downlink uses an Ariana lamp installed in the Altel tunnel (Alicante, Spain) [START_REF]Guia técnica de aplicación de eficiencia en iluminación de alumbrado exterior-anexo ii[END_REF], whilst the uplink is carried out with a Toyota Corolla headlamp. However, the vehicular lamps have similar radiation patterns in most of the commercial vehicles [START_REF] Sivak | A market-weighted description of low-beam headlighting patterns in europe[END_REF]. For the simulations, the recreation of the radiation profiles of both light sources were done. The tunnel lamp's profile was based on its technical datasheet. However, due to the lack of information was necessary to obtain the vehicle's lamp radiation pattern. It was by a set of measures of its transmitted optical power on a referenced plane using a power-meter with a photodiode. Both radiation patterns can be observed in Figure 3. 

III. METHODOLOGY

A set of simulations using a MMCRT software [START_REF] Lopez-Hernandez | Monte carlo calculation of impulse response on diffuse ir wireless indoor channels[END_REF], [START_REF] Guerra | Spatial interpolation of optical wireless impulse responses[END_REF] were carried out to obtain the Channel Impulse Response (CIR) at different positions h(d, τ ). Assuming rectilinear uniform motion, it is straightforward to transform h(d, τ ) into a time-varying impulse response h(t, τ ) knowing the mobile's speed v. With h(t, τ ) it is possible to estimate an upper bound system performance in terms of coherence time and bandwidth. In the evaluation description, a referenced Cartesian coordinate system is used to facilitate the comprehension of the distribution of the elements. The origin O = (0, 0, 0) is located at the beginning of the tunnel segment, in the right down corner. The width of the tunnel is aligned with the X-axis, the height with the Z-axis, and finally the tunnel route with the Y-axis. The system's uplink and downlink have independent channels. Thus, the simulations were done with 2 different simulation configurations.

The downlink was tested assuming two different transmitter configurations: the lamp on the tunnel's center pointing downwards (case 1) and on the sides with an elevation of 45 • (case 2). The CIR using a photodiodebased receiver of area 7.6 mm 2 and 68 • of Field Of View (FOV) pointing upwards was obtained in the XY plane at a height of 1 meter. The simulated scenario can be observed in Figure 4. Since the uplink implies the V2I part of the architecture, the vehicle's movement must be simulated. Taking advantage of the scenario's geometry, a line of receivers was placed close to the tunnel's walls. Using this approach, all the values of h(d, τ ) can be obtained in a single run of the MMCRT algorithm.

transmitter was placed pointing slightly tilted (85 • elevation and -5 • azimuth) respect to the tunnel's direction at 3 meters from the wall. The orientation of the lamp corresponded to a real vehicle's headlamp orientation. Regarding the receiver, it pointed to the traffic's opposite direction and was placed at 1.5 meters from the wall. Three different receiver heights were tested to explore the link's behavior with this parameter, which a priori will highly impact the channel availability due to the transmitter's orientation and radiation pattern. Figure 5 depicts the uplink scenario.

Regarding the simulation parameters, the MMCRT simulation engine was configured to launch 40,000 random rays from the optical source and to consider 3 rebounds. Moreover, both concrete and asphalt reflection patterns were assumed Lambertian with reflectivities 0.17 and 0.07 respectively.The reflection coefficients were taken from [START_REF] Adrian | Influence of pavement reflectance on lighting for parking lots[END_REF], and considering the spectral distribution of the light source.

In this work, both time-varying channel gain H(t, 0) (Equation 1) and delay spread τ rms (t) (Equation 2) are calculated and analyzed.

H(t, 0) = ∞ 0 h(t, τ ) dτ (1)
τ rms (t) = M 2 (t) -M 2 1 (t) 1/2
(2) These two parameters provide preliminary insight about the impact of the vehicle's speed on the communication capabilities of the presented V2X scenario.

M i (t) = 1 H(t, 0) ∞ 0 τ i h(t, τ ) dτ

IV. RESULTS

The simulation results show that the excess delay contributions on the CIR significantly vary with distance. Due to the link's geometry, the downlink receives only significant contributions from second order and above rays, whilst the uplink is also affected by the more energetic first order reflections. This can be easily observed comparing both figures, and implies an asymmetry between downlink and uplink bandwidths.Additionally, the headlights are designed to emit a uniform light on the road. As a consequence, the power contribution on the floor does not decreases so much with distance. After calculating the downlink's time-varying channel gain using Equation 1, strong differences between the two considered cases can be observed in Figure 8. In case 1, the highest values are concentrated in a narrow area, whilst case 2's spatial response is wider. In consequence, the received optical power would not be strongly affected in case 2 by lateral moves of the vehicle (X-axis). Furthermore, for the wall-mounted luminaires the channel gain fluctuation in the Y-axis (traffic flow direction) is less sharp than in the top-mounted case. This would probably imply a higher coherence time if a whole timefrequency analysis was carried out.

An approximation of the slow fading can be calculated using the normalized autocorrelation function of H(t, 0). This approximation is valid for Wide Sense Stationary with Uncorrelated Scattering (WSSUS) channels. In this work the stationarity of the channel has not been mathematically assessed and taking into account the scenario, it will probably be non-stationary. Nonetheless, the same metric can be calculated as a preliminary metric before carrying out the whole time-frequency analysis. When the autocorrelation falls below a threshold R th , the resulting lag can be interpreted as coherence time T c (Equation 3).

T c = arg t {E [H(t , 0)H * (t + t , 0)] < R th } (3) 
In this work, the threshold has been set to 50% of the signal's peak (3 dB). To determine this threshold, it is necessary to know the vehicle speed v and carry out the change of variable of Equation 4, in which y corresponds to the tunnel's traffic flow axis.

t = y v (4) 
As an example, a vehicle moving at 100 km/h has been assumed. Figure 9 shows the autocorrelation function of the downlink when the vehicle is located at different Xaxis locations.

The results from case 1 are less affected by the receiver's lateral position, but the obtained coherence time values are lower than in case 2. T c is below 150 ms for case 1 and around 200 ms for case 2. On the other hand, the uplink's transmitter (car headlamp) has a narrow radiation pattern. Therefore, channel gain is strongly affected by the receiver's height. For each evaluated height, both channel level and time variations are different. Concretely, the tallest location is associated with the shortest range and the strongest variations. The DC channel gain of these 3 configurations can be seen in Figure 10. The uplink's fading is stronger than the downlink's. Furthermore, the coherence time of around 160 ms is almost independent of the receiver's height. Nevertheless, as it was commented above, height affects coverage and must be taken into account. This result can be seen in Figure 11. Finally, the time-varying Delay Spread has been also analyzed. The downlink channel owns a Delay Spread below of 1 nanosecond in both cases, which provides a generous channel capacity beyond 100 MHz. And as a consequence, high available data rate. In spite of good value, the Case 2 channel capacity degrades fast when the vehicle leaves the AP. Figure 12 shows the delay spread depends on vehicle lateral position. However, the lowest value guarantees enough capacity to prove communication. The uplink channel is less affected by Delay Spread than the downlink. The obtained values vary significantly with the receiver's height. Nonetheless, the worst case (photodetector at 0.8 m height) presents values that evolve from 6 ps to less than 1 ps, suggesting that there is practically no bandwidth limitation due to the link's geometry. 

V. CONCLUSIONS

In this work, the communication channel of a VLC system for the urban tunnel was evaluated. The results prove its use as a viable alternative. This technology fullfill the bandwidth requirements of ITS where in [START_REF] Kenney | Dedicated short-range communications (dsrc) standards in the united states[END_REF] suggest has at least 3 Mb/s datarate for safety applications. The system's channel has a longer coherence time and it is less affected by delay spread than DSRC channel in this environment. The channel is strongly affected by the lateral movement of the vehicle. Nevertheless, more channel features need to be considered as Doppler Spread of signal in the next step. Additionally, the influence of external agents also needs to be studied such as the scattering caused by car fumes.

As future work, deeper channel studies will be performed considering the channel as time-variant making a time-frequency analysis. Additionally, the result also will be used for further studies in the MAC layer of this system. Mainly focus on the mobility problems of a user in the network (handover).
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 1 Fig. 1: VLC tunnel system diagram representation.
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 2 Fig. 2: Diagram of the VLC communication between AP and MU.
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 3 Fig. 3: Radiation patterns of the vehicle's headlamp (top) and the tunnel lamp (bottom).
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 4 Fig. 4: Simulated downlink scenario.
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 5 Fig. 5: Receiver locations (top) and receiver's schematic orientation (down) .

  Figure 6 and 7 illustrate this point showing how h(d, τ ) changes at different point in the scenario. On Figure, the downlink 6 is shown at { 0, 3.75 , 7.5}, while uplink on Figure 7 at { 7.5, 11.2 , 15}. These points where selected because has the most notorious differences.
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 6 Fig. 6: Downlink h(d, τ ) at different Y-axis distances. d = {7.5, 3.75, 0.0} for both cases (top is case 1 and bottom case 2).
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 7 Fig. 7: Uplink h(d, τ ) at different Y-axis distances. d = {7.5, 11.2, 15}
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 8 Fig. 8: Channel gain for both cases. Receiver at x=4 m (top), x=5 m (middle) and x=6 m (bottom).
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 9 Fig. 9: Normalized downlink's autocorrelation function.
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 10 Fig. 10: DC channel gain of the uplink channel.

Fig. 11 :

 11 Fig. 11: Normalized uplink's autocorrelation function.
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 12 Fig. 12: Downlink's delay spread evolution. In both case 1 (top) and case 2 (bottom) three different lateral positions are evaluated.
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 13 Fig. 13: Evolution of the uplink's delay spread.
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