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Abstract: Vehicular Ad Hoc Networks (VANETs) are envisaged to be a critical building block of 
Smart Cities and Intelligent Transportation System (ITS) where applications for pollution and 
congestion reduction, vehicle mobility improving, accidents prevention and safer roads are some of 
the VANETs expected benefits into the Intelligent Vehicle Communications. Although there is a 
significant research effort in Vehicle-to-Infrastructure (V2I) communication radio channel 
characterization, the use of more general methods than theoretical and empirical models is required 
to understand more accurately the propagation phenomena in urban environments. In this work, a 
deterministic computational tool based on an in-house 3D Ray-Launching algorithm and standard 
IEEE 802.11p, is used to represent and analyze some large-scale and small-scale urban radio 
propagation phenomena for V2I, including the vehicles movement effects on each of the multipath 
components. Results show the impact of factors as distance, frequency, location of antenna 
transmitters (TX), obstacles and vehicles speed, in the V2I channel propagation. These results are 
useful for radio-planning Wireless Sensor Networks (WSNs) designers and deployment of urban 
Road Side Units (RSUs).  
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1. Introduction 

Vehicle-to-Infrastructure (V2I) is the next generation of Intelligent Transportation Systems (ITS). 
V2I technologies capture vehicle-generated traffic data, wirelessly providing information such as 
advisories from the infrastructure to the vehicle that inform the driver of safety, mobility, or 
environment-related conditions [1]. The V2I Communications is the bi-directional wireless exchange 
of data (control and information) between vehicles and Road Side Units (RSUs). In 1999, the U.S. 
Federal Communication Commission (FCC) allocated a 75MHz spectrum at 5.9GHz to be used as 
V2V and V2I communications known as Dedicated Short Range Communications (DSRC), and the 
IEEE 802.11p standard [2] was developed for operation at 5.9GHz.  

According Bengi et al. in [3], to design accurate propagation models for realistic V2I-enabled 
applications it is necessary to take into account that V2I have unique characteristics in terms of 
antenna heights, placement of the RSUs, environment type (e.g., urban, suburban, highway) and 
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specific considerations for small scale fading due to particular location of antennas. In urban 
environments, a combination of different object types as buildings, vehicles, and vegetation, as well 
as their number, size, and density, has a profound impact on the radio propagation [4]. Some 
propagation impairments as reflection from, diffraction around and transmission loss through objects 
(influence of vegetation, building entry loss, cars, trees, pedestrians, etc.), external environment, give 
rise to issues such as temporal and spatial variation of path loss and multipath effects from reflected 
and diffracted components of the wave. 

On the other hand, current state-of-the art simulators focus mainly on V2V or V2I 
communications operating in cellular sense and, although the literature includes many propagation 
models and channel simulators for V2V systems [5][6], there is a need for further studies to investigate 
V2I propagation using 3D deterministic tools in complex environments as the urban. While V2I field 
test provides useful insight for specific in-situ scenarios [7], deterministic Ray Launching simulators are 
suited for vehicular propagation analysis of electrical-large scenarios, as urban scenarios, yielding a 
reasonable tradeoff between accuracy and computational cost. In this work, a hybrid deterministic 
method has been used to analyze the V2I propagation phenomena, specifically an in-house 3D Ray-
Launching (3D-RL) algorithm, based on Geometrical Optics (GO), Geometrical Theory of Diffraction 
(GTD) and Uniform Theory of Diffraction(UTD). The detailed operating mode of the algorithm has 
been previously published [8], and validated in transportation systems [9]. 

The remaining parts of the paper are outlined as follow: modeling and scenery simulation are 
explained in section 2. Section 3 presents the V2I analysis, along the main avenues and streets, of 
Received Signal Strength (RSS), Root-Mean-Square Delay Spread (RMS delay spread), Coherence 
Bandwidth (CB), Power delay Profile (PDP) and Doppler Shift (fd). Conclusions and future work are 
summarized in Section 4.  

2. Simulation Urban Scenario  

This section describes the modeled urban scenario with its reference points and the main 
simulation parameters.  

  

(a)         (b) 

 
(c) 

Figure 1. Urban scenario where, (a) is a google map aerial view, (b) is a 3D schematic frontal view and 
(c) is 2D aerial view. 
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Figure 1a shows a google map ( http://www.google.com/maps) aerial view of the urban scenario, 
Figure 1b is a simulated 3D frontal-view and Figure 1c is a 2D frontal-view that describe the relative 
position (x,y). Table 1 shows scenario reference identifying the interest areas used afterwards in this 
document.  

Table 1. Scenario reference. 

Reference Abbreviation Coordinates (x, y, z) [m] 
Main Avenues AV1 / AV2 (x, 83, 0) / (x, 69, 0) 

Streets ST1 / ST2 / ST3 (161, y, 0)/ (117, y, 0)/ (175, y, 0) 
Transmitter antennas 

(TX) TX1 / TX2 (146,63,3.5) / (281, 63, 3.5) 

Passenger cars 
P1 / P2 / P3 
P4 / P5 / P6 
PA / PB /PC   

(70, 83, 1.5) / (161, 40, 1.5) / (210, 83, 1.5). 
(370 , 83, 1.5) / (117, 10, 1.5) / (175, 10, 1.5).
(149 , 70, 1.5) / (204, 70, 1.5) / (323, 10, 1.5). 

Buildings B1, B2, B3, B4, B5, B6 Not applicable. 
 
The modeled and simulated urban scenario is a replica of a location in Pamplona, Spain 

(42°48’22.15N, 1°39’39.14W) and was referenced using google maps tool. The area encompasses 
1320000 m3 (400 m × 150 m × 22 m) of scenario and includes typical elements of an urban environment. 
The simulation analysis was carried out at 5.9 Ghz (IEEE 802.11p). Simulation parameters are 
summarized in Table 2. 

Table 2. Simulation parameters. 

Parameters Values 
TX  : Pt /Gain /Frequency /Height. 0dBm / 0dB / 5.9Ghz / 3.5m 

RX  : RST /Gain /Frequency /Height. -120dBm / 0dB / 5.9Ghz / 1.5m 
Antenna Polarization (RX, TX) Omnidirectional 

3D Ray tracing: angular resolution /Reflections 1 degree / 7 
Scenario size /Unitary volume analysis (400×150×22)m / 1m3 (1x1x1)m 

3. Results 

3.1. Received Signal Strength (RSS) 

Figure 2 illustrates a surf plot of the TX1–TX2 jointly RSS at Z-plane of 1.5 m, the height of the 
receiver (RX) in cars. RSS levels above the Received Signal Threshold RST (-120 dBm), are received 
along AV1, AV2, ST1 while RSS levels below the RST are notorious along the AV3, AV4, AV5. 
Fluctuating RSS levels (−90 dBm and below) are present at the roundabout, ST2 and ST3. Special 
attention deserves ST2 and ST3 where RSS values below −120 dBm (P5, P6) are caused for the blocking 
of the radiated TX1 signal by the metallic support of the lamppost; TX1 was placed 0.5m far from the 
lamppost (y axis). Additional simulated RSS levels from P1 to P6 are detailed in Table 3. 

Table 3. Received Signal Strength. 

TX RX RSS [dBm] 

TX1 P1 / P2 / P3 / P4 / P5 / P6 -94.66 / -88.07 / -81.44 /-127.30 / -122.81 / -
123.62 

TX2 P1 / P2 / P3 / P4 / P5 / P6 -200.00 / -200.00 / -95.61 /-85.55 / -200.00 / -
194.65 

TX1+TX2 P1 / P2 / P3 / P4 / P5 / P6 
-94.66 / -88.07 / -81.28 /-85.55 / -122.81 / -

123.62 
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According Gonzalvez et. al. in [7] the effectiveness of cooperative systems using RSUs for V2I 
communications is strongly dependent of how efficiently RSUs are being deployed. Based on the 
simulated results, different TX placement configurations could be suggested to achieve RSS levels 
above to −120 dBm; one of these configuration could be as follows: 

- TX1 and TX2 in the same simulated placement to give coverage to AV1, AV2, ST1. 
- Two additional TX's, one for coverage ST2 and another for ST3.  
- One TX, for coverage the roundabout, AV4, AV5 and AV6 areas. 

 

Figure 2. TX1 and TX2 jointly Received Signal Strength [dBm] at Z-plane of 1.5 m.  

3.2. Time dispersion parameters 

3.2.1. Root Mean Square delay spread (RMS delay spread) and Coherence Bandwidth (CB) 

Figure 3a depicts the RMS delay spread and 3b the coherence bandwidth for TX1 at z-plane of 
1.5 m. From Figure 3a, it is notorious the high values of RMS delay spread near the antenna, and 
zones under LoS with TX1: AV1, AV2 and ST1. The presence of trees and cars causes the highest RMS 
delay spread along AV1 and AV2. Lowest RMS delay spread values keep close relationship with 
lowest values of RSS due to the NLoS conditions, as it is the case of ST2 (P5) and ST3 (P6). Jointly 
RMS delay spread analysis for TX1 and TX2 shows high levels along AV1, AV2, ST3 and the  
middle-upper area of ST2 and ST3. 

Figure 3b depicts the CB values (frequency correlation function was considered above 0.9) and 
shows its inverse relationship with the RMS delay spread and RSS. Low RSS values are correspondent 
with high CB values which is an indicator of channel availability for other transmitters than TX1, 
conversely, low CB values keep correspondence with high RSS values, mainly at the vicinity of TX1 
due to its strong multipath environment, which means high channel occupancy. CB analysis for TX1 
and TX2 shows high channel occupancy at AV1, AV2, ST3 and the middle-upper area of ST2 and ST3. 

 

                  (a)                                        (b) 

Figure 3. (a) RMS delay spread and (b) CB at Z-plane of 1.5m. 
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3.2.2. Power Delay Profile (PDP) and Doppler Shift (fd) 

Figure 4 illustrates: (a) the Power Delay Profile and (b) the Doppler Shift at Z-plane of 1.5[m], 
for 3 different locations along AV2: PA (149, 70)[m], PB (204, 70)[m] and PC (323, 70)[m], when 
TX1(146,63) is radiating. Figure 4a shows a large number of power rays (echoes) in a time span of 0 
to 1200 ns showing a high dispersive nature of this environment causing reflected, refracted, and 
difracted rays that arrive to PA, PB and PC points. The highest density of rays is at PA, which is in 
LoS and closest (first ray arrive at 20ns) to TX1; conversely the lowest density is at PC, which is LoS 
and farthest to TX1. Additional analysis deserve the presence of power rays with RSS below RST at 
PA, even when PA is in LoS and closest to TX1: those values are mainly reflected rays caused by the 
line of trees located among AV1 and AV2. 

Figure 4b shows the effect of Doppler Shift resulting of the realtive motion between TX1 and 
three different cars (PA, PB, PC) which are traveling at a velocity(v) of 60 Km/h. The relative motion 
between cars and TX, results in random frequency modulation due to different Doppler Shifts on 
each of the multipath components [10]. Doppler Shift is given by:  

 fd = 	 . ∆∅∆ = . Cosθ  (3.1) 
 
where v= 60 Km/h. For Cosθ=1, fdmax = 328 [Hz]. 

The maximum simmulated fd values (−326.96 to 326.98) correspond to PA which is closest to 
TX1 and under LoS conditions. Positive fd values means that PA is moving directly toward the TX 
and the apparent received frequency is f = fc + fd = (5.9e9 + 326.96) [Hz]. On the other hand negative 
fd values means that PA is moving directly away the TX and the apparent received frequency is  
f = fc−fd = (5.9e9−326.96) [Hz]. The fd for PB is between (−297.05 to 299.42) [Hz] and for PC is between 
(−148.80 to 192.65) [Hz].  

                   (a)                                      (b) 

Figure 4. (a) Power delay profile (PDP) and (b)Doppler Shift (fd). 

4. Conclusions and Future Work 

Radio propagation analysis with the aid of hybrid deterministic code based on 3D Ray Launching 
enables us an accurate estimation, with affordable computational cost, of an urban V2I large-scale and 
small-scale radio propagation parameters such as RSS, RMS delay spread, CB, PDP and Doppler Shift 
at frequency of 5.9 GHz (IEEE 802.11p). A large urban scenario (400 m × 150 m × 22 m) was characterized 
in 3D high level of detail which permit an accurate results of radio propagation parameters that could 
be replicated in similar environments and be useful for radio-planning WSNs designers in V2I 
communication systems. 

Results show the impact of factors as distance, frequency, location of TX, conditions of LoS, and 
vehicles speed, in the V2I channel propagation parameters. The jointly TX1 and TX2 offers consistent 
RSS values above the RST(−120dBm), where the V2I communication is feasible, however, there are 
specific areas (P5, P6) with RSS values below the RST. The presence of trees causes Quasi  
Line-of-sight (QLoS) between TX-RX and intense dispersive signal conditions which is evident in the 
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PDP mainly at closest points to the TX, while the most remarkable NLoS condition is given by the 
absorption of the signal by the metallic support of the lamppost, fact that need to be take into account 
in the radio-planning phase. The highest RMS delay spread were registered in the vicinity of the TX 
and along the line of trees of the main avenues. On the other hand, high CB values are present in 
areas with the lowest RSS which means channel availability for other transmitters. The relative 
motion of the cars respect to the TX, measured by the Doppler Shift on each of the multipath 
components, shows its highest values for vehicles traveling in the vicinity of the TX. Taking into 
account the aforementioned analysis, a four TX emplacement configuration is suggested to provide 
V2I wireless communication with consistent RSS values above the defined RST. 

A measurement campaign would be considered as a future work to validate the 3D-RL 
simulation results. Urban areas with high CB and RSS levels below the RST would be of special 
interest in research fields as cognitive radio. Further analysis requires the conditions of NLoS caused 
by metallic lamppost supports where the TX were installed.   
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