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Abstract 

 

Junsung Choi 

 

Vehicular communications are a major subject of research and policy activity in industry, 

government, and academia. Dedicated Short-Range Communications (DSRC) is currently the 

main protocol used for vehicular communications, and it operates in the 5.9 GHz band. In 

addition to DSRC radios, other potential uses of this band include Wi-Fi, LTE-V, and 

communication among unlicensed devices. This dissertation presents an architecture and a 

feasibility analysis including field measurements and analysis for vehicle-to-train (V2T) 

communications, a safety-critical vehicular communication application.  The dissertation 

also presents a survey of research relevant to each of several possible combinations of radio-

spectrum and vehicular-safety regulations that would affect use of the 5.9 GHz band, 

identifies the most challenging of the possible resulting technical challenges, and presents 

initial measurements to assess feasibility of sharing the band by DSRC radios and other 

devices that operate on adjacent frequencies using different wireless communication 

standards. 

 

Although wireless technology is available for safety-critical communications, few 

applications have been developed to improve railroad crossing safety. A V2T communication 

system for a safety warning application with DSRC radios can address the need to prevent 

collisions between trains and vehicles. The dissertation presents a V2T early warning 



 

 

application architecture with a safety notification time and distance. We conducted channel 

measurements at a 5.86ï5.91-GHz frequency and 5.9-GHz DSRC performance 

measurements at railroad crossings in open spaces, shadowed environments, and rural and 

suburban environments related to the presented V2T architecture. DSRC systems can provide 

good communication range; however, the range is likely to be reduced in the presence of 

interference and / or Non-Line-of-Sight (NLoS) conditions. Such environmental factors are 

the major influence on DSRC performance. By knowing the relationship between DSRC and 

environmental factors, DSRC radios can be set up in a way that promotes good performance 

in an environment of interest. Although independent, the DSRC performance measurements 

and propagation channel characteristic measurements were conducted in the same locations 

and share the same distance parameters. Results of linear regression to analyze the 

relationship between DSRC performance and propagation channel characteristics indicate 

that additional data are required to enable robust statistical modeling.  However, the DSRC 

links performed well in V2T measurements conducted near rural and suburban railroad 

crossings with varying numbers and types of obstacles to the radio signals.  These results 

provide a strong indication that the DSRC protocol can be adapted to serve the purpose of a 

V2T safety warning system. 

 

Several stakeholders, including traditional mobile operators, unlicensed Wi-Fi proponents 

and Cellular-Vehicle-to-Everything (C-V2X) proponents, are seeking access to the 5.9 GHz 

band currently used by DSRC. The FCC and National Highway Traffic Safety 

Administration (NHTSA), the two major organizations that are responsible for regulations 

related to vehicular communications, have not finalized rules regarding this band. The 

relative merits of the above mentioned wireless communication standards and coexistence 



 

 

issues between these standards are complex.  There has been considerable research devoted 

to understanding the performance of these standards, but in some instances there are gaps in 

needed research.  We have analyzed regulation scenarios that FCC and NHTSA are likely to 

consider and have identified the technical challenges associated with these potential 

regulatory scenarios. The technical challenges are presented and for each a survey of relevant 

technical literature is presented.  In our opinion for the most challenging technical 

requirements that could be mandated by new regulations are interoperability between DSRC 

and C-V2X and the ability to detect either adjacent channel or co-channel coexisting 

interference. We conducted initial measurements to evaluate the feasibility of adjacent 

channel coexistence between DSRC, Wi-Fi, and C-V2X, which is one of the possible 

regulatory scenarios. We set DSRC at Channel 172, Wi-Fi at Channel 169 for 20 MHz 

bandwidth and at Channel 167 for 40 MHz, and C-V2X at Channel 174 with almost 100% 

spectrum capacity. From the measurements, we observed almost no effects on DSRC 

performance due to adjacent channel interference. Based on our results, we concluded that 

adjacent channel coexistence between DSRC, C-V2X, and Wi-Fi is possible. 
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Researchers and regulators in industry, government, and academic institutions are interested 

in vehicular communications. Dedicated Short-Range Communications (DSRC) is currently 

the standard protocol for communication between vehicles, including for safety applications, 

and operates in the band of radio frequencies near 5.9 GHz. In addition to operators of DSRC 

radios, other potential users are interested in using the 5.9 GHz band. This dissertation 

presents an architecture and a feasibility analysis including field measurements for vehicle-

to-train (V2T) communications, a safety-critical vehicular communication application.  The 

dissertation also identifies major technical challenges that could become important in the 

future for users of the 5.9 GHz band. The challenges will be different depending on what 

decisions government regulators make about the types of radios and communication 

protocols that are allowed in the 5.9 GHz band and about which types of radios should be 

used for vehicular safety. 

 

Although wireless technology is available for safety-critical communications, few 

applications have been developed to improve railroad crossing safety. To prevent collisions 

between trains and vehicles, we present a vehicle-to-train (V2T) communication system that 

uses DSRC radios to provide safety warnings to motorists. Although the term V2T is used, 

the emphasis is on communication from the train to vehicles.  We present a high-level design, 

or architecture, of the warning system that includes goals for safety notification time and 
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distance. We conducted measurements of radio channels near 5.9 GHz as well as 

measurements of 5.9 GHz DSRC radio link performance at the same locations (railroad 

crossings in open spaces, shadowed or obstructed environments, and rural and suburban 

environments).  The measurements were performed to help decide whether the V2T warning 

system architecture would work. 

A DSRC system can provide good communication range; however, that range could be 

reduced if the DSRC system experiences interference from other radios or if the signal is 

partially blocked due to objects between the DSRC radios. The environmental factors are the 

most important influence on DSRC performance. By knowing the relationship between 

DSRC and environmental factors, manufacturers and operators can set up the radios to 

perform well in environments of interest. Although DSRC performance and radio channel 

characteristics were measured separately, they were measured in the same locations near 

railroad crossings.  This made it possible to perform a statistical analysis of the relationship 

between DSRC performance and propagation channel characteristics. This analysis indicated 

that additional measurements will be required to collect enough data to develop robust 

statistical models that relate DSRC performance directly to measured channel characteristics.  

However, the results of the V2T measurements that we conducted near rural and suburban 

railroad crossings with varying numbers and types of obstacles to the radio signals provide a 

strong indication that DSRC can be used for to provide V2T safety warnings. 

 

The 5.9 GHz band has been sought after by several stakeholders, including traditional mobile 

operators and others who support use of the band for DSRC, unlicensed Wi-Fi, and Cellular-

Vehicle-to-Everything (C-V2X) communication. The FCC and National Highway Traffic 

Safety Administration (NHTSA), the two major organizations that are responsible for 
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regulations related to vehicular communications, have not finalized the rules regarding this 

band. The relative merits of the above mentioned communication standards and coexistence 

issues between these standards are complex.  There has been considerable research devoted 

to understanding the performance of these standards, but in some instances there are gaps in 

needed research.  We have analyzed regulation scenarios that FCC and NHTSA are likely to 

consider and have identified the technical challenges associated with these potential 

regulatory scenarios. The technical challenges are presented and for each a survey of relevant 

technical literature is presented.  In our opinion for the most challenging technical 

requirements that could result from new regulations are interoperability between DSRC and 

C-V2X and the ability to detect either adjacent channel or co-channel coexisting interference. 

We conducted initial measurements to evaluate the feasibility of adjacent channel coexistence 

between DSRC, Wi-Fi, and C-V2X, which is one of the possible regulatory scenarios. From 

the measurements, we observed almost no effect on DSRC performance when other types of 

radios used frequencies adjacent to the frequencies used by the DSRC radios. Based on our 

results, we concluded that adjacent channel coexistence between DSRC, C-V2X, and Wi-Fi 

is possible. 
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Chapter 1 Introduction  

1.1 Vehicle-to-Everything (V2X) Communication 

Commercial cellular wireless communication systems evolved from analog first generation 

(1G) cellular systems to the current fourth generation (4G) and long-term evolution (LTE), 

which is intended to promote further continuous evolution. Fifth-generation (5G) wireless 

systems are expected to extend and improve current 4G LTE cellular systems. As 5G 

becomes more flexible in the future, it will develop the capability to support a wide range of 

services: gigabit per second data throughput and low latency will enable 5G systems to 

support such applications as smart city cameras, self-driving cars, augmented reality, etc. 

Self-driving cars, a 5G application, can be developed with a technology called connected car 

or the Internet of Vehicles (IoV), which is a combination of Internet of Things (IoT) and 

intelligent transportation systems (ITSs). Dedicated short-range communications (DSRC) is a 

current standard for ITS applications, so it is a natural candidate for use in IoV systems. 

DSRC uses center frequencies near 5.9 GHz, and it is closely related to WiFi. DSRC has 

been deployed to the market and its usage is slowly growing. 

The distinctive end users of IoV will be vehicles and drivers, but IoV also has the potential to 

enable communications between road vehicles and pedestrians, trains, ships, airplanes, 

unmanned aerial vehicles, and much more. This is referred to as vehicle-to-everything (V2X). 

V2X enables numerous convenient, but not necessarily time-critical applications and services. 

Because V2X applications do not rely on classical vehicular communication, sufficient 

validation of the feasibility of these applications is required. Therefore, V2X system designs 

must be proven effective for desired applications. 
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Within V2X communications, we consider and provide contributions in three important areas: 

vehicle-to-train (V2T) communication, also referred to as vehicle-to-railroad (V2R), cellular 

vehicle-to-everything (C-V2X) communication, and propagation channels for vehicular 

communication.  

 

1.2 V2T Communications 

A collision between a train and a vehicle happens about once per 90 minutes in the US [1]. 

These accidents, which lead to injury and death, are mainly caused by driversô lack of 

awareness about approaching trains. Most accidents happen near railroad-grade crossings [1, 

2]. Despite efforts, like by Operation Lifesaver, installing safety related features at grade 

crossings, more than 80% of U.S. crossings are considered as ñunprotected,ò meaning the 

crossing has no safety devices such as lights, warnings, or gates [1]. In addition, during 

JanuaryïDecember 2012, about 10% of reported train accidents were V2T collisions, 

accounting for almost 95% of reported train accident fatalities [2]. 

Through direct communication between vehicles and trains or indirect communication with 

the aid of a relay, V2T communication comprising the transmission and reception of warning 

messages will be possible. Unlike typical vehicle-to-vehicle (V2V) or vehicle-to-

infrastructure (V2I) communications, the presented system is transmitting warning of an 

approaching train that is running on a known and fixed track. Therefore, the focus of a V2T 

communication application would be different from V2V or V2I communication. Because 

DSRC is currently used for communication among vehicles and between vehicles and 

roadside infrastructure, the new V2T application requires a proper feasibility study and 

performance evaluation in typical railroad environments.  
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1.3 C-V2X Communications 

On February 20, 2013, the Federal Communications Commission (FCC) issued a notice of 

proposed rulemaking (NPRM) regarding the potential use of the 5.9-GHz DSRC spectrum by 

Unlicensed National Information Infrastructure (U-NII) devices. According to FCC Docket 

ET 13-49 [3], the FCC is considering the sharing of the 5.85ï5.925-GHz spectrum between 

DSRC and unlicensed devices. The 5.85ï5.925-GHz spectrum was originally used for DSRC 

with seven different channels, each with a 10-MHz bandwidth. The proposed U-NII-4 

Channel 163, with a center frequency at 5.815 GHz, will correspond to the 160-MHz 

bandwidth. Meanwhile, the proposed U-NII-4 Channel 171, with a center frequency at 5.855 

GHz, will correspond to 80 MHz, and the proposed U-NII-4 Channel 175, with a center 

frequency at 5.875 GHz, will correspond to 40 MHz. Finally, the proposed U-NII-4 Channel 

177, with a center frequency at 5.885 GHz, will correspond to 20 MHz. As shown in the 

proposed U-NII-4 channel allocation in Figure 1, the lower 45-MHz bandwidth of the DSRC 

band may be allocated for co-channel existence or adjacent channel existence with unlicensed 

devices. The primary unlicensed devices could be 802.11ac or LTE devices. If LTE is used 

for vehicular communication and a substitute DSRC application, LTE for vehicular 

communication will be termed C-V2X. If 802.11ac uses the spectrum, both U-NII-4 devices 

and DSRC will be categorized as WiFi devices. To inform the FCC decision about permitting 

C-V2X or WiFi in DSRC spectrum bands, it is necessary to characterize performance of 

DSRC in the presence of co-channel interference and adjacent channel interference due to C-

V2X and due to WiFi.  
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Figure 1 DSRC and proposed U-NII -4 spectrum bands 

 

1.4 Propagation Channels for Vehicular Communications 

A DSRC system has a communication range of up to 1.0 km with strong line-of-sight (LoS) 

communication and no interference. However, the range of communication is highly relying 

on the surrounded environment, and it is possible to significantly reduce due to the existence 

of any surrounding interference sources or non-line-of-sight (NLoS). DSRC radios and 

protocols already contain mechanisms that allow reliable communication in typical vehicular 

environments. However, the reliability is also affected by interference at the same time. 

Propagation channel parameters, such as root mean square (RMS) delay spread, Ricean-K 

factor, and path loss exponent, can represent the conditions of the surrounding propagation 

environment. Use of the same physical setup for DSRC radio measurements and propagation 

measurements can provide instantaneous numeric DSRC performance values and propagation 
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statistics at the same time. The relationship or correlation between propagation channel 

statistics and DSRC performance can be found using the same physical setting for the two 

types of measurements. By knowing the relationship between DSRC performance and 

propagation channel statistics, when a service provider is planning to implement a vehicular 

communication-related application in a certain place, it can estimate the DSRC performance, 

reducing the need for field testing. Therefore, validating the relationship between DSRC 

performance and propagation channel statistics reduces the cost of deploying a new DSRC 

infrastructure and applications. 

 

1.5 Overview of Dissertation 

The vehicular communication field is a focus of industrial and academic research and will be 

a major 5G wireless research area. For future research in the field, vehicular communication 

requires contributions from industry, the academy, and government. Their interests in 

vehicular communication will be different: companies must fulfill customersô needs, 

academic researchers seek technical advances for the field and future works, and government 

must ensure that development of vehicular communication is safe and protects citizensô lives. 

Therefore, this dissertation presents one type of vehicular communications as a critical safety 

application, considers upcoming regulation issues and associated technical and research 

challenges that would result from possible regulatory decisions, and presents measurements 

that evaluate feasibility of adjacent-channel band sharing between vehicular communications 

and other wireless technologies. 
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Chapter 2 Summary of Contributions 

This research presents three major contributions: 

1. A V2T communication feasibility study and performance evaluation 

2. A strategic survey of literature related to potential regulatory decisions that identifies 

technical challenges associated with several possible decisions and summarizes 

relevant research to date related to these challenges.  The results of this study can be 

used to set a research agenda in vehicular communications. 

3. An experimental evaluation of DSRC performance in the presence of adjacent 

channel interference from Wi-Fi, LTE, and C-V2X signals. 

2.1 V2T Communication Feasibility Study Performance Evaluation, 

and Statistical Analysis 

The first contribution of this research is a feasibility study of V2T communication in wide-

open space and shadowing environments and a performance evaluation of a DSRC radio for 

V2T communication in wide-open space, shadowing, rural, and suburban environments. The 

key aspects of the research are described below: 

· This work presented a V2T communication scenario for broadcasting warning 

messages, which is a new type of application for V2X communication. 

· This work presented the numeric requirements for and a feasibility study of V2T 

communications with DSRC, which is differs from prior works. 

· It proposed and implemented a measurement methodology for the feasibility study 

and performance evaluation, which only able to find simple methods from prior 

works. 
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· It provided a recommended configuration of hardware tools used for measuring 

propagation channel statistics and a DSRC performance evaluation measurement. 

· It characterized the impact of the propagation environment, modulation schemes, 

transmit power level, and antenna types on the performance of DSRC for V2T 

communication. 

· It presented tools for propagation channel measurements and a DSRC performance 

measurement, similar to that presented for Contribution 1. 

· It provided a measurement methodology to align two independent measurement 

results. 

· It presented results showing propagation channel statistics relative to positions in 

locations shared with a DSRC performance evaluation. 

· It presented a linear regression model among propagation channel statistics, the 

Packet Error Rate (PER), and the relative distance from a train to a crossing. 

· It compared the observed models from previous works. 

 

2.2 ITS Band Regulatory Survey 

The second contribution of the research is a regulatory contingency study for FCC and 

NHTSAôs possible spectrum sharing plan at ITS bands, presented potential technical 

challenges, and technical surveys related to presented technical challenges. 

· FCC and NHTSAôs 5.9 GHz ITS band possible scenarios are presented 

· The ITS band sharing scenarios can be adaptable for sharing spectrum in other bands 

· Based on technical surveys, more papers were found that related to usage of DSRC 

or C-V2X only than papers related to coexistence 
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· Technical challenges/research priorities identified for multiple regulatory 

contingencies 

· If mandated, interoperability between DSRC and C-V2X would be the most difficult 

technical challenge 

 

2.3 Adjacent Channel Interference Evaluation 

The third contribution of the research is a performance evaluation of DSRC (5.855ï5.865 

GHz) with the existence of C-V2X, which acts as adjacent channel interference (5.865ï5.875 

GHz and 5.875ï5.885 GHz). The outcomes of the research to date are described below: 

· It provided tools not yet deployed in the actual market for measurements relevant to 

broadcasting DSRC-deployed technology in the spectrum band and broadcasting Wi-

Fi, LTE, and modified C-V2X signals at adjacent channels. 

· It provided a measurement methodology to evaluate DSRC performance by setting 

the adjacent interference sources at desired spectrum bands. 

It provided results about the impact of adjacent channel interference from Wi-Fi, LTE, and C-

V2X on DSRC performance. 

  



9 

 

Chapter 3 

V2T Communication Feasibility Study and 

Performance Evaluation 

3.1 Introduction 

Collisions between trains and vehicles that lead to injury or death are mainly caused by a 

driverôs lack of awareness of an approaching train. According to reference [2], most accidents 

happen near railroad-grade crossings. Efforts such as Operation Lifesaver to implement 

safety related features at crossings improved the safety at many grade crossings, but about 80% 

of U.S. crossings are still considered as unprotected, meaning the crossing has no lights, 

warnings, or gates [4]. In addition, in 2016, about 95% of all reported railroad accidents were 

due to V2T collisions [2].  

For ITSs, DSRC [4] is the major recommended protocol for V2V and V2I communications. 

DSRCôs center frequency is at 5.9 GHz, with seven 10-MHz channels between 5.850 and 

5.925 GHz. One feature of DSRC is an early warning system to avoid a potential vehicle 

collision [5]. 

Unlike typical V2V or V2I, V2T collisions feature several different aspects. The usual 

communication environment near a crossing is similar to an intersection on a vehicle road; 

however, the visibilities of trains and vehicles are different. At typical vehicle intersections, 

drivers are able to view the other vehicles at the other points of the intersection, as well as to 

prepare for a potential accident, to an extent. However, drivers find it hard to prepare for 

oncoming trains due to a blocked view or the fact that it is difficult for a vehicle to stop once 
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the driver notices an oncoming train. In addition, the time to stop is different; trains take 

much longer than a vehicle to stop, and vehicle drivers are able to react faster to avoid 

collisions. Therefore, the safety warning applications used for trains must differ from those 

used for vehicles. 

In this section, the V2T communications architecture for an early warning application is 

presented. Because it is more difficult for a train driver to react than for a vehicle driver, the 

trainôs role is always transmitter and the vehicleôs role is receiver in the architecture. The 

designed system targets messages transmitted from a train approaching a crossing and 

running on a known track. The DSRC receivers in the road vehicles near the crossing 

determine whether to trigger a warning based on the location difference between the 

oncoming train and the position of the vehicle. 

We measured the DSRC performance, as well as the wireless propagation environment, under 

a variety of operational conditions. The measurements used place at crossings of the 

Transportation Technology Center, Inc. (TTCI) at Pueblo, Colorado, and the Shenandoah 

Valley Railroad (SVRR) at Staunton, Virginia. 

We presented a V2T communications architecture for early warning systems with scenarios 

and safety requirements related to train and vehicle speeds and stopping distances. Through 

the DSRC performance measurements, we evaluated the feasibility of adapting DSRC to the 

proposed V2T communications architecture to enable a warning application that meets the 

safety requirements, such as packet reception within the stopping distance, to prevent 

collisions. From the wireless propagation measurements, we compared the propagation 

channel characteristics of our measurements and characteristics of V2V or V2I cases from 

previous works to identify near environments. 
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The setups for DSRC radios can be defined into regulatory parameters which are fixed and 

selective by the environments that radios face and the setup is highly effective by 

environmental parameters which are flexible and easily different by where the radio will 

deploy. By knowing the expected DSRC performance under certain combinations of 

environmental parameters, DSRC can select the setup based on fixed regulatory parameters 

and provide the best performance under the environment. Table I showed the types of 

environmental parameters, values for DSRC, and considerable environmental parameters. 

Within the considerable parameters, we selected propagation channel characteristics to 

evaluate the relationship between the parameters and DSRC performance. For generating the 

models, the estimation methods are mainly using in the process. The estimation methods used 

are 1) finding mean and variance for finding one independent value at the certain setup of an 

experiment, 2) finding a linear model by applying linear regression models where 

independent and dependent aspects existing at the certain setup of the experiment. 

By knowing the relationship between DSRC performance and propagation channel statistics, 

when a service provider is planning to implement a vehicular communication related 

application to a certain place, they can estimate the DSRC performance, reducing the need for 

field testing. Therefore, validating the relationship between DSRC performance and 

propagation channel statistics reduce the cost of deploying new DSRC infrastructure and 

applications. 

 

Table I  Regulatory and Environmental parameters 

Parameter type Parameter name Value 
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Regulatory 

Parameter 

Available BW 75 MHz (10 MHz x 7 ch + 5 MHz extra) @ 5.9 GHz 

Coexisting 

Technologies 

Co-channel, adjacent channel 

User multiplexing 

schemes 

TDM only 

Data channel coding Convolutional 

Resource Selection CSMA-CA 

Modulation support Up to 64QAM 

Waveform OFDM 

Transmission period Once every 100ms/50ms 

MIMO support No 

Data messages 50 symbols 

CP 1.6 us 

Subcarrier spacing 156.25 kHz 

Flexibility Flexible number of OFDM symbols 

Environmental 

Parameter 

# of vehicles/km
2 

 

Traffic speed <25mph, 25~45 mph, 65mph< 

Vehicle spacing <2m, <15m, <50m, <100m 

Terrain 

Rural: wide open space, one or two low height building 

Suburban: more number of low height buildings 

CH condition LOS 
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3.2 Related Works 

Researchers have studied use of Wi-Fi-based and LTE-based systems for warning 

applications such as V2V and Vehicle to Pedestrian (V2P). In [6], the authors combined 

IEEE 802.11p-based multi-hop clustering and a 4G cellular system. Similar to the concept in 

[6], [7] presented Wi-Fi-associated warning applications; the difference from [6] was they 

focused on the performance of a single device. In [8], the authors compared the performance 

between IEEE 802.11p and LTE for vehicles (LTE-V) under the intersection collision 

warning system (ICWS), which is an environment similar to our warning application, a 

crossing. Moreover, we observed a similarity in the architecture in the use of a roadside unit 

(RSU) placed near the intersection and acting as a relay. The concept is also shown in [9], 

which presented a V2V relay network in an obstructed environment. The authors of [10] 

presented a warning application for pedestrians, named V2P. In the presented system, the 

minimum notification distance was represented, and our architecture has the minimum 

notification time and distance for safety, as well. As shown in [6]ï[10], we observed a 

warning application representing methodologies by showing the major components, 

architecture, and minimum requirements for using the application, and some were similar to 

the methodology used to represent our architecture. 

There are studies on train communications services using advanced wireless technologies, 

such as LTE and Global System for Mobile Communication - Railway (GSM-R). In [11], the 

author presents an LTE-railroad (LTE-R) testbed with an Internet protocol (IP)-based 

network architecture. The authors demonstrate the performance of the testbed and confirm 

that reliable communications and multimedia services that require high data rates are feasible. 

In [12], the authors propose a feasible quality-of-service (QoS) management scheme for 
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control train traffic using a conventional LTE system. In [11], the authors presented a GSM-

R-based train-related monitoring system for the entire rail network in the UK. The authors of 

[14] presented technical surveys of possible candidates for railroad technologies, including 

GSM-R, Wi-Fi, Worldwide Interoperability for Microwave Access (WIMAX ), LTE-R, Radio 

Over Fiber (RoF), Leaky Coaxial Cables (LCX), and cognitive radio. They concluded that 

WIMAX and LTE could be the best technologies for train-related communications; 

interestingly, the authors did not consider DSRC a candidate. We presented train 

communication using a DSRC protocol, one that was not considered by the authors of [11]ï

[13]. 

The concept of V2T communications was introduced in [15], which describes a vehicle-to-

train early warning system that are designed and managed for trains and vehicles near 

railroad crossings in Australia [15]. In [15], the authors were more focused on the warning 

architecture and the degree of noticing warnings than the reception performance of the radio 

communications; without considering the reception performance, the noticing performance 

can differ in the various conditions in which the application will be implemented. In addition, 

there have been many related theoretical studies and measurement campaigns. In [16] and 

[17], the authors explore the antenna criteria for a railroad crossing safety application and 

derive an optimal antenna pattern for practical installation. While [16] and [17] present 

theoretical antennas, [16] presents empirical models and measurement results for 5.8-GHz 

propagation channels in train environments. The authors of [19] introduce a V2T early 

warning system architecture, and they present their DSRC performance and propagation 

channel measurements at the measurement sites. In [16]ï[19], DSRC performance and 

propagation channels are measured. This paper extends our prior work in [16], [17], and [19]. 

In those works, DSRC technology was proven to have the potential to offer a cost-effective 
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approach to the deployment of an early warning system to avoid V2T collisions. We 

presented a more detailed V2T early warning system architecture with safety requirements 

and DSRC performance evaluations in six more crossings than in [19]; the results that will be 

presented in later sections are an extension of the studies in [16]ï[19]. 

Studies on 5.9-GHz or vehicular communication environment propagation channel 

characteristics are presented in [20]ï[25]. The authors of [20] measured and analyzed the 

propagation channel measurements at 930 MHz in a practical high-speed railway and 

provided a Ricean K-factor and path loss equation with the relative distance and height of a 

viaduct. In [21], the authors presented a path loss exponent from the measured path loss 

values of urban and suburban scenarios at 5.9 GHz with transmitter antenna heights of 1.5 

and 3.5 m. The measurements were performed at 5.6 GHz. Also, the authors compared 

measured results between time- and frequency-varying K-factor in [22] and delay and 

Doppler spreads in [23]. Similarly, the authors of [24] and [25] measured the propagation 

channel at 5.9 GHz and presented a delay spread and Doppler spread in rural, urban, and 

highway environments. The methodology of [18] and [25], using the PDP, is used for our 

analysis method. From our measurement results at 5.9 GHz, including those extended from 

[18] and [19], we compared the values in [20]ï[25] to evaluate the measurement site types 

and how the V2T propagation channel differs from that of V2V or V2I 

 

3.3 V2T Communication Scenarios and Requirements 

The considered V2T communication scenario comprises an oncoming train, vehicles 

approaching to crossing, and an infrastructure transceiver, such as a light signal or a signal 
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pole near the crossing. The possible early warning system for V2T communication scenarios 

comprises a direct case and indirect warning cases. The scenarios are shown in Figure 2. 

 

 

Figure 2 V2T communication scenario 

 

For direct warning, the driver of vehicles receives the message about warning directly from 

the transmitter in the train. This scenario is preferred at low vehicle speeds and where the 

radio channel between the train and vehicle is a strong LoS condition. 

For indirect warning, the train is broadcasting messages of warning to the infrastructure 

transceiver which placed near the crossing, a RSU, and it retransmits the messages to the on-

board unit (OBU) on the vehicles; the RSU has a role of a relay. The indirect warning is 

preferable when the speed of the vehicle is higher and the propagation channel between the 

infrastructure and when the train has a stronger LoS component than that between the train 

and the vehicle. 
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As shown in Table I, the difference in stopping time for a slower speed, e.g., 25 mph, and a 

faster speed, e.g., 65 mph, is about 3 s. The difference is more critical for the train to make a 

decision regarding when to transmit the message; in 3 s, the train moves 13 m at a low 

velocity of 10 mph and 105 m at a high velocity of 79 mph. Another important aspect when 

deciding the boundary is the minimum notification time, which is the time when the warning 

message needs to be received by the vehicle driver. It should account for the recognition time 

about warning, reaction time after notifying the warning, and stopping time. By knowing 

when the driver must be notified, the distance when the train needs to broadcast the warning 

message can be determined. The message needs to be received so the driver can stop the car 

before the crossing. The time of the warning is a function of the train and car speed and the 

reaction time. From Table I, the minimum notification time can be acceptable at 10 s, while 

15 s can provide more time to take action. With the given notification time from Table I, the 

car driver must receive the message when the train is at least at the distance shown in Table II. 

The differences due to different train and vehicle speeds and notification time requirements 

require a proper warning message schedule as a function of the speeds, geometry, 

communications, and other delays. 

 

Table II  Vehiclesô Average Stopping Distance With Related to Speed [26] 

Vehicle 

Speed 

(mph) 

Vehicle 

Speed (m/s) 

Stopping 

Distance on 

Dry (m) 

Stopping 

Time on Dry 

(s) 

Stopping 

Distance on 

Wet (m) 

Stopping 

Time on Wet 

(s) 

25 11.11 25.5 2.3 51.3 4.62 
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35 15.55 41.4 2.66 82.8 5.32 

45 20 59.1 2.96 118.2 5.91 

55 24.44 79.8 3.27 159.3 6.52 

65 28.89 103.2 3.57 206.7 7.15 

 

Table III  Notification Distances for Different Locomotive Speeds 

Locomotive Speed 

(mph) 

Locomotive Speed 

(m/s) 

Notification Time (s) Notification Distance 

(m) 

10 4.44 10 44.4 

15 66.6 

20 8.88 10 88.8 

15 133.2 

50 22.22 10 222.2 

15 333.3 

79 35.11 10 351.1 

15 526.7 

 

3.4 Measurements Characteristics 

3.4.1 Measurement Category 

We took two major measurements: the DSRC performance measurement and radio frequency 

(RF) propagation characterization measurement. Both measurements shared the same 

crossing points and same locomotive; however, the tools differed. 
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1) DSRC Performance Measurement 

The purpose of DSRC performance measurements is to evaluate the performance of V2T 

communication to determine whether the performance can cover the minimum notification 

distance for both the locomotive and the vehicle. The performance metric of DSRC is the 

PER, within a certain distance window, 20 m, related to the distance to the crossing point. 

The distance values are calculated between the crossing and instantaneous Global Positioning 

System (GPS) locations. The PER was calculated from the post-process by comparing the 

received packets and the transmitted packets. 

 

2) RF Propagation Characterization 

The RF propagation characterization measurementsô purpose is to measure the propagation 

channel characteristics parameters for the area close to the train tracks where DSRC 

performance measurements were taken. Because of the DSRC performance measurements 

used (5.875ï5.885 GHz and Channel 176), the RF propagation characterization measures the 

5.86ï5.91-GHz frequency range, which covers the measuring spectrum bands, with the direct 

sequence spread spectrum (DSSS) channel sounder [26]. The channel sounder [26] that we 

used transmitted a continuous waveform with a 2,047-m long sequence-spreading code, 

which is clocked at the rate of 25 MHz; using 50 MHz RF bandwidth. Both radios used a 

GNU Radio program and USRP B210. The data were scanned and saved at intervals of 0.5 s. 
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3.4.2 Measurement Parameters/Settings 

1) DSRC Radios 

For the DSRC performance measurements, Cohda MK5 DSRC radios for both the OBU and 

RSU [27] are used. For both the TTCI and SVRR tracks, one DSRC OBU, which acted as the 

transmitter, was installed on the locomotive engine and it used Channel 174 (center frequency 

of 5.87 GHz). The OBU antenna was placed on top of the trainôs long hood, right after the 

engineerôs cab; the height from the ground to the tip of the antenna, including the height of 

the train, was approximately 5 m. The antenna installation is shown in Figure 3. For both the 

TTCI and SVRR tracks, the radios on the vehicles or the infrastructures acted as the receiver. 

 

2) DSRC Radio Displacements 

For both the TTCI and SVRR tracks, the DSRC OBU that performs as the receiver is on the 

roof of a bucket truck, which is about 1.7 m in height, as shown in Figure 4(b) and Figure 5(a) 

for the TTCI track and Figure 5(b) for the SVRR track. For the TTCI track wide-open space, 

named the railroad test track (RTT) setup, the DSRC OBU is placed about 50 m away from 

the crossing. For the TTCI track artificial shadowing, named the precision test track (PTT) 

setup, the DSRC OBU is placed about 3 m away from the railroad cargos, and the cargos 

were about 2 m away from the operating track. The displacements of the cargos are shown in 

Figure 6. The DSRC RSUs are placed about 6ï7 m from the ground, as shown in Figure 4(a) 

and (b). For the SVRR track, the DSRC OBU at Crossing #2 is about 42 m away from the 

track, and at Crossing #5, it is about 36 m away from the track. For the DSRC RSU that 

performs as a receiver, the radio is hanged on the tip of a 3-m-tall tripod, as shown in Figure 

5(c), and it is placed about 4ï7 m away from the crossing.  
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Figure 3 Antenna installations for TTCI  

 

Figure 4 (a) DSRC OBU and RSU displacement for wide-open space TTCI, (b) DSRC OBU and RSU 

displacement for artificial shadowing TTCI 
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Figure 5 (a) DSRC OBU installation for shadowing TTCI, (b) DSRC OBU installation for SVRR, (c) 

DSRC RSU installation for SVRR 

 

 

Figure 6 Displacement of the cargos for the TTCI track 
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3) Channel Sounder Radio Displacements 

For both the TTCI and SVRR tracks, the receiver is on top of the train engine, where the 

DSRC transmitter is placed. For the TTCI track, the channel sounder transmitter is hanged 

about 10 m from the ground and placed at the end of the track; the channel sounder antenna is 

placed above the DSRC RSUs. For the SVRR track, the channel sounder transmitter is 

hanged on the tip of 3-m-tall tripod, similar to the DSRC RSU, and it is placed about 4ï7 m 

away from the crossing. 

 

4) Configurations 

For both the TTCI and SVRR tracks, the DSRC OBU and RSU as receivers used a 6-dBi 

omnidirectional antenna [28]; the antenna pattern is shown in Figure 7(a) and (b). The 

transmitter for the TTCI track used a 12-dBi omnidirectional antenna [28] with a 23-dBm 

power level; the antenna pattern of the 12-dBi omnidirectional antenna [28] is the same as 

that of the 6-dBi antenna. The transmitter for the SVRR track used a 12-dBi omnidirectional 

and 12-dBi bi-directional antenna [29] with power levels of 11 and 23 dBm, respectively; the 

antenna pattern of the bi-directional antenna is shown in Figure 7(c) and (d). The installed 

omnidirectional antenna is shown in Figure 8, and the installed bi-directional antenna is 

shown in Figure 9. The modulation scheme for the TTCI track is QPSK, while the 

modulation schemes for the SVRR track are BPSK, QPSK, and 16 QAM. The hardware 

configuration is shown in Table IV. 

 

Table IV  Hardware Configurations 

Parameter Configuration 
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Antenna Type 12dBi Omnidirectional [28]/ Bi-directional [29] 

(Transmitters) 

6dBi Omnidirectional [28] (Receivers) 

Transmit Power 11 / 23 dBm 

Modulation BPSK, QPSK, 16QAM 

 

 

Figure 7 (a) Omnidirectional antennaôs elevation pattern, (b) horizontal pattern, (c) bidirectional 

antennaôs elevation pattern, (d) horizontal pattern  



25 

 

 

Figure 8 Omnidirectional antenna 

 

Figure 9 Bi-directional antenna 
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5) Train Operations 

For both the TTCI and SVRR tracks, the train made a ñpassò through the measurement region. 

For each pass, the train started 1 km for the TTCI track and 300ï400 m for the SVRR track 

before the crossing and it accelerated until hits the desired test speeds of 20, 50, and 79 mph 

for the TTCI track and 10 mph for the SVRR track. The rate of 79 mph is the highest speed a 

locomotive can run in the US, and 10 mph is the maximum speed allowed due to the SVRRôs 

track regulations. For all cases, the locomotive maintained a constant speed through the test 

area and then decelerated after the train passed a certain distance beyond the crossing. 

 

3.5 Data Analysis Methods 

Because V2T communication is for safety-critical applications, the performance metric 

should be related to the distance between the locomotive and the crossing. To be effective, 

the system must provide a reliable warning signal at/before the minimum notification 

distance for the driver to be able to react and safely stop the vehicle before the crossing. 

With the different regions of interest, the evaluations of performance should be highlighted in 

the region; performance beyond the region may also be important because of the potential for 

applications other than V2T communication. If the performance is good enough within the 

regions, we could assume the driver is able to receive the warning messages within the 

minimum notification time, preventing a potential collision. 

3.5.1 DSRC Data Analysis 

For the DSRC performance measurements, the application named basic safety message (BSM) 

which using a packet size of 99 bytes was used. Each packets are continuously transmitted 

every 0.05 s. The PER is calculated by comparing the transmitted and received packets within 
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a 20-m range window. The number of transmitted packetsô average is 94 within the 20-m 

range window, and we decided the threshold about packet reception as should receiving more 

than 10 packets in the window range, which represents at least one packet captured per 2-m 

range. With the threshold, we decided that if less than 10 packets were received within the 

window ranges, we would consider this to mean reliable communication was not achieved. 

When the PER is equal to or less than 0.9, we consider the DSRC performance as having 

satisfied the minimum requirement for safety and succeeded in receiving the warning 

message. PER can be given by: 

0%2ρ
   

   
    (1) 

3.5.2 Propagation Data Analysis 

With the recorded data from the channel sounder, we created the power delay profile (PDP) 

to evaluate the propagation channel characteristics. The PDP contains one bin per 65 ns of 

delay, which is the shortest time delay we can evaluate. 

With the created PDP, we calculated the propagation channel characteristics. The path loss 

exponent, RMS delay spread, and Ricean K-factors are post-processed with the recorded data. 

We calculated Ricean K-factors by the ratio between the LoS, a dominant path signal power, 

to the multipath signal power. Ricean K-factors were calculated with the following equation: 

+
 

 
     (2) 

We considered the specular power as the LoS power and the non-specular power as the 

reflected power in the PDP. 

We calculated the RMS delay spread (Űrms) and the path loss exponent (n) by comparing the 

LoS signal and the multipath signal. The RMS delay spread (Űrms), defined as the square root 

of the second central moment of the PDP, is: 
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† † †Ӷ      (3) 

The second moment is given by: 

†
В

В
      (4) 

The first moment of the PDP, mean excess delay, is given by: 

†Ӷ
В

В
     (5) 

 

P(Űi) is the power level observed in the PDP. 

The path loss exponent (n) is defined by: 

Î      (6) 

K0 is the free-space path loss at the reference point where the transmitter is placed, and K0 is 

given by: 

+ ςπὰέὫ     (7) 

where d is the distance between the channel sounder transmitter (the crossing) and the 

receiver (the train). With these calculations, the channel characteristic parameters can be 

obtained from the PDP. All calculations were done with the relative position of the train from 

the crossing. 

For DSRC measurements, we used (1) for packets within a 20-m distance window and 

evaluated the performance by a metric of the PER related to distances. With the threshold of 

the PER at 0.9, we define whether the performance can be considered to satisfy. For 

propagation channel characteristic measurements, we used (2), (3), and (6) for the same 

distance window as the DSRC measurement, and we averaged the total value.  
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3.6 TTCI Results/Evaluations 

The TTCI track tests evaluated the DSRC performance for possibly the best- and worst-case 

scenarios a train can face. Two scenarios are a wide-open space without any interference 

sources near a crossing and an artificial shadowing environment, as shown in Figure 10 and 

Figure 11. DSRC performance was measured in each of these environments in terms of PER 

as a function of the distance of the train from the crossing.  

 

Figure 10 TTCI Tracks: (a) wide-open space and (b) artificial shadowing environment and radio 

displacement 
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Figure 11 TTCI tracks: Test site 1 (wide-open space) and test site 2 (artificial shadowing) 

3.6.1 TTCI Sites 

The TTCI trackôs environmental setups are different. As shown in Figure 10(a), the first setup 

is a wide-open space with no existence of any potential reflection or fading sources near the 

track. As shown in Figure 10(b), the second setup is an artificial shadowing environment. We 

artificially set seven railroad cargos, approximately 4 m in height and 10 m in length, 

between the track and DSRC radio, as shown in Figure 4(b). The railroad cargos are 

displaced between the track and DSRC receiver, so shadowing is generated. 

With these two different scenarios, we evaluated the feasibility of DSRC radios for V2T 

communication with possibly the best- and worst-case scenarios in communications: a wide-

open space and a shadowing environment. 

For the TTCI track, the DSRC OBU was placed 50 m away from the track, which can be 

represented as a 25-mph stopping distance. The locomotive operated at speeds of 20, 50, and 

79 mph. The minimum notification time of 10 s is enough time for a 25-mph speed scenario; 
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therefore, the regions of interest for different speeds are 88.8, 222.2, and 351.1 m before and 

after the crossing; these values are from Table III . 

 

3.6.2 Propagation Channel Measurements 

The propagation channel parameters, average Ricean K-factor (Kavg), RMS delay spread 

(trms), path loss exponent (n), and its standard deviation (ů) for the wide-open space and 

artificial shadowing scenarios are shown in Table V. We find that the Ricean K-factors are 

generally consistent across the entire track, but the difference appears in different speeds; 

therefore, we calculated average Ricean K-factors for both tracksô PDPs with different speeds. 

In addition, the path loss exponents are not relevant to the different train speeds; therefore, 

we calculated the value for each setup. More detailed evaluations and figures are shown in 

Appendix A. 

 

Table V Propagation Channel Parameters for Wide-open Space and Artificial Shadowing 

Scenario Train Speed 

(mph) 

Train 

Speed 

(m/s) 

Propagation Channel 

Kavg (dB) trms (ns) n ů 

Wide-open Space 20 8.88 10.9 <1 2.7 5.5 

50 22.22 9.8 8 

79 35.11 11.3 14 

Shadowing 20 8.88 10.9 3 2.7 3.1 

50 22.22 9.8 9 

79 35.11 11.3 4 
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Interestingly, the propagation channel parameters for both tracks are similar. The delay 

spreads are different; however, because the unit is ns, the values are still low enough. 

Furthermore, the differences in the delay spreads for the different speeds are small. We 

expect the reason to be that the two setups have similar propagation channel parameters due 

to the significant height of the channel sounder transmitter. The height of the channel sounder 

transmitter is higher than the blocked railroad cargos; therefore, the channel sounder 

transmitter and receiver have clean sight and they are minimally affected by the cars. In 

addition, two buildings placed beside the tracks for the artificial shadowing scenario may 

have a minor effect. 

We observe Ricean K-factors in the range of 9.76ï11.31, and [22] provided 14.2 as a rural 

and 14.6 as an on-bridge value. Other than these two cases, the measured Ricean K-factor is 

higher than any values from other previous works. For the path loss exponent, we observe it 

near 2.8, while [21] measured it as 1.12 for suburban and 1.98 for urban regions; we can 

assume V2T communication faces a higher path loss exponent than the vehicle 

communication environment. The measured RMS delay spread is much lower than any cases 

shown in [23]ï[25]. Therefore, under the assumption of operating in a rural environment, 

V2T will face a similar fading environment and greater power degradation due to a higher 

path loss exponent, but a lower effect from multipath components. 

 

3.6.3 DSRC Performance Measurements 

To evaluate DSRC performance, we used 1-PER to see the distribution and cumulative 

distribution function (CDF) of the received packets. Using these plots, we can evaluate 
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whether the performance can be defined as satisfactory in the proper regions. For a proper 

comparison, we choose OBU results instead of comparing both the OBU and RSU results 

because of a different displacement of RSU for the wide-open space and artificial shadowing 

environments. The results of RSU for both scenarios are shown in Appendix B. 

Figure 12 shows the results of the DSRC performance for the wide-open space scenario. We 

can identify the DSRC performance by the PER within the region, as shown in Figure 12(a). 

The proper regions for speeds of 20, 50, and 79 mph are +/- 88.8, 222.2, and 351.1 m with 

the center at the crossing and a minimum notification time of 10 s. For the wide-open space 

scenario, the best environment a locomotive can face, we can identify that the performance 

can be satisfied for all three different speeds. The coverage range after the crossing is shorter 

than that before the crossing; we assume the existence of a blockage after the position of the 

antenna degraded the transmitted power, causing the results. Interestingly, we observe that 

the performance of DSRC might not be affected by speed in the wide-open space scenario, as 

shown in Figure 12(b). The coverage region seems to make a huge difference (100-m 

difference between each speed), but when we compare the overall packet distribution, 50% of 

packets were received approximately 200 m before the crossing. 

Figure 13 shows the DSRC performance results for the artificial shadowing environment 

setup. As shown in Figure 13(a), we are able to observe the effect of shadowing. For all 

speeds, we observe a certain gap range, where 1-PER equals 0, and the reason for the event is 

due to the shadowing by the railroad cars. The DSRC performance can be identified as 

satisfied for all speeds at the minimum notification distances. The interesting aspects of the 

artificial shadowing environment are that the performance can be identified as satisfied 

whenever a weak signal is captured and the effect of shadowing is lesser for a faster speed. 
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Figure 12 DSRC performance with different speeds for the wide-open space (a) distribution of the DSRC 

performance (1-PER), (b) proportion of received packets 
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Figure 13 DSRC performance with different speeds for the artificial shadowing (a) distribution of the 

DSRC performance (1-PER), (b) proportion of received packets 

 

3.6.4 Conclusions of TTCI Measurements 

From the DSRC performance and the propagation channel measurements in the wide-open 

space and artificial shadowing setups, we observe that the DSRC performance could be 

identified as satisfactory for both the wide-open space and artificial shadowing environments, 

regardless of the train speed. At the same time, we observe that DSRC could receive a BSM, 

even if the signal is weak; whenever shadowing appears, no packet is captured by the DSRC 
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radio. In addition, with the assumption of operating in a rural environment, a V2T 

communication propagation environment will be similar to the vehicle communication-

propagation environment, with a lesser effect of multipath components. From the TTCI track 

experiments, we identify DSRC as a feasible V2T early warning communication environment 

for operation in both the best- and worst-case propagation environmentsða wide-open space 

and shadowing, respectivelyða train can face. 

 

3.7 SVRR Results/Evaluations 

The SVRR tracks were used to evaluate the DSRC performance in a real environment with 

the desired V2T communication setup and to confirm the communication environment 

through propagation channel characteristic measurements. We took measurements at six 

different crossings, as shown in Figure 14 and Figure 15. The SVRR tracks are placed in a 

small town, Staunton, Virginia; therefore, the environment near the crossings has real vehicle 

traffic, buildings, woods, and parking lots, as shown in Figure 14. Three crossings, shown in 

Figure 14(a), were considered a rural environment, and three crossings, shown in Figure 

14(b), were considered a suburban environment (Sheriffs-Skyview Circle in Figure 15). 
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Figure 14 SVRR tracks: (a) Crossings #1, #2, and #3; (b) crossings #4, #5, and #6 
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Figure 15 Crossing locations and crossing sites 

 

3.7.1 SVRR Sites 

We used six different crossings along the SVRR tracks, as shown in Figure 14. Figure 14(a) 

shows the environments near crossings #1, #2, and #3, while Figure 14(b) shows the 
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environments near crossings #4, #5, and #6. We placed the DSRC RSU at crossings #1, #3, 

#4, and #6, and we placed the DSRC OBU at crossings #2 and #5 for the measurements. 

As shown in Figure 14(a), the environments of crossings #1, #2, and #3 feature a small 

number of buildings near the crossings and many open spaces between the locomotive and 

DSRC radios, and the potential fading sources are woods. Buildings with too low a height 

exist near the DSRC radio position at crossing #2. 

As shown in Figure 14(b), the environments of crossings #4, #5, and #6 are somewhat more 

likely suburban environments than those of crossings #1 to #3. There are more buildings near 

crossings #4, #5, and #6 than near crossings #1ï#3. Crossing #4 is located right beside a four-

lane vehicle road, while crossing #5 suddenly opens from wood walls, and there are 

additional buildings nearby. 

From the performance evaluations of the SVRR track, we may make detailed parametric 

decisions about V2T communications in a real environment with both a direct and an indirect 

warning case. The crossings using the DSRC RSUð#1, #3, #4, and #6ðrepresent the 

indirect warning, and the crossings using the DSRC OBUð#2 and #5ðrepresent the direct 

warning case. 

On the SVRR tracks, the speed limit for vehicles is 25 mph. For this speed limit, the stopping 

distance is 51.3 m and the stopping time is 4.62 s, as shown in Table II . As with the TTCI 

scenarios, the minimum notification time of 10 s is enough for the SVRR track scenarios. 

Due to track regulations, the locomotive is only able to operate at 10 mph on the SVRR 

tracks. Therefore, the regions of interest for the SVRR tracks are 44.4 m before and after the 

crossings. 
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3.7.2 Electromagnetic Interference (EMI) 

The scenarios for electromagnetic interference (EMI) measurements are 1) a 10-mph run 

with the throttle notch in idle, 2, 5, 8 and 2) a 25-mph run with the throttle notch in idle, 2, 5, 

8. 

For each locomotive scenario, the measurement was taken using two SA-2500 spectrum 

analyzers; one measured EMI inside the crew cabin and the other measured EMI outside the 

locomotive. The SA-2500 settings were: span of 10 MHz, resolution bandwidth of 50 kHz, 

and reference level of -50 dBm. Each scanning process searches for 10 MHz starting from 

5.85 GHz until 5.93 GHz, which covers all DSRC channels. 

Sample result plots in Figure 16, Figure 17, and Figure 18 show essentially noise. 

 

Figure 16 EMI measurement result (outside antenna, 25 mph, idle notch, no brakes, 5.92ï5.93 GHz). 
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Figure 17 EMI measurement result (outside antenna, 10 mph, notch #5, no brakes, 5.9ï5.91 GHz). 

 

Figure 18 EMI measurement result (outside antenna, 10 mph, notch #8, no brakes, 5.898ï5.908 GHz). 
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Occasionally, RF signals were captured, but only for one swipe, which means the signal is 

not generated by the locomotive. Rather, there is a possibility that when the locomotive 

passed a certain point at a certain time, other wireless sources were captured by our spectrum 

analyzers. Other than these three figures, all other plots showed consistent RF power levels 

corresponding to noise. 

From these results, we can conclude there is no EMI from the locomotive. Some cases 

showed a few excursions into higher power; however, the peaks were instant and the power 

level was only 20ï30 dBm above the baseline and lower than -70 dBm. Hence, we conclude 

that these signals did not come from the locomotive. 

 

3.7.3 Propagation Channel Measurements 

The propagation channel parameters for six crossings are shown in Table VI. Unfortunately, 

we were unable to record proper data for crossing #1 with an omnidirectional antenna. The 

Ricean K factor values over time and PDP values of approaching, at the crossing of, and 

departing from crossings #3, #4, #5 are shown in Figure 19ï23 and Figures 25ï30 

 

Table VI  Propagation Channel Parameters for SVRR Tracks 

Crossing # Considerable 

Environment 

Antenna Propagation Channel 

Kavg 

(dB) 

trms 

(ns) 

n 

(dB) 

ů 

(dB) 

1 

Rural Omni N/A N/A N/A N/A 

Bi 8.01 152 2.27 7.74 

2 Rural Omni 3.81 204 2.62 4.11 
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Bi 6.3 136 1.97 5.65 

3 

Rural Omni 3.96 205 2.5 3.48 

Bi 7.7 125 2.07 8.41 

4 

Suburban Omni 3.16 227 3.04 5.35 

Bi 5.08 140 2.52 5.87 

5 

Suburban/ 

Urban 

Omni 4.25 840 3.6 4.81 

Bi 6.83 632 3.34 6.28 

6 

Rural Omni 4.56 184 2.79 4.64 

Bi 6.54 96 2.16 6.73 
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Figure 19 Ch sounder result (omnidirectional crossing #3) 
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Figure 20 Ch sounder result (bi-directional crossing #3) 
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Figure 21 Ch sounder result (omnidirectional crossing #4) 
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Figure 22 Ch sounder result (bi-directional crossing #4) 
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Figure 23 Ch sounder result (crossing #5) 

To confirm the communication environment for each crossing, we compare each crossingôs 

path loss with the omnidirectional antenna from the PDP and path loss model from the 3
rd
 

Generation Partnership Project (3GPP) [31]. We consider certain models to compare: Rural 

Macro LoS (RMa LoS), Suburban Macro LoS (SMa LoS), Suburban Macro NLoS (SMa 

NLoS), Urban Macro LoS (UMa LoS), and Urban Macro NLoS (UMa NLoS). 

RMa LoS is given by: 

ὖὒ  ςπὰέὫ πȢτψὰέὫὨ πȢχ πȢππρτὨ    (8) 

SMa LoS is given by: 

ὖὒ  ςπὰέὫ ρȢυχὰέὫὨ ςȢσρπȢππςὨ    (9) 
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SMa NLoS is given by: 

ὖὒ  ρςςȢρτσψȢφσὰέὫὨ σ ςπὰέὫὪ  (10) 

UMa LoS is given by: 

ὖὒ  ςςὰέὫὨ ςψ ςπὰέὫὪ  (11) 

UMa NLoS is given by: 

ὖὒ  ρσπȢψ σωȢρὰέὫὨ σ ςπὰέὫὪ   (12) 

 

Figure 24 shows the measured path loss and 3GPP path loss model for crossings #2ï#6. We 

confirm the communication environment of each crossing by comparing the path loss with 

the 3GPP model, as shown in Figure 24, and other propagation channel parameters. Because 

the 3GPP path loss model is applicable for longer than 10 m, each figure was plotted with a 

boundary at -10 and 10 m. 

For crossing #5, we determine that the calculated value for the Ricean K-factor was 

inaccurate due to the low power of the LoS path signal. The Ricean K-factor is calculated 

using the ratio between the LoS path signal power and the reflected signal power. Because 

the LoS path signal power is as low as the reflected signal power, the calculated Ricean K-

factor is reasonably higher. Therefore, even though the calculated value is 4.25 dB, the actual 

Ricean K-factor is supposed to be lower.  

Ricean K-factor. From [22], the author categorized road crossing-suburban environments as 

having a K-factor of 3.7 with traffic and 4.5 without traffic, and our measured results show 

values of 3.81ï4.56 for rural and 3.16 for suburban environments. Even though our 

assumption was that crossings #1, #2, #3, and #6 were rural and crossings #4 and #5 were 

suburban, all crossings fall into the road crossing-suburban category given in [22].   
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Figure 24 Comparison of measured path loss values and 3GPP path loss models for (a) crossing #2, (b) crossing #3, (c) crossing #4, (d) crossing #5, and (e) 

crossing #6
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The Ricean K-factor results from the omnidirectional antenna are 3.16ï4.56, while they are 

5.08ï8.01 for the bi-directional antenna. We can definitively conclude that the bi-directional 

antenna will face lesser fading than the omnidirectional antenna. In addition, the Ricean K-

factor from [22] shows 7.6 for a general LoS highway environment, and the results for the bi-

directional antenna can be considered within this category.  

Furthermore, by comparing the results from the TTCI tracks, where there are no obstructions 

near the crossings, we measure the Ricean K-factor as 9.76ï11.31, while we measure it as 

3.16ï4.56 for the SVRR tracks. Within our measurements, we can conclude that the Ricean 

K-factor for rural environments can be considered representative of a no-obstruction 

environment for a V2T communication propagation environment and that a suburban 

environment can be considered representative rural and suburban regions.  

Path Loss. By looking at the measured path loss and 3GPP path loss model, reasonably, 

crossings #1, #2, #3, and #6 can be considered in a rural environment. Even though crossing 

#1, with an omnidirectional antenna, does not have values, the values for a bi-directional 

antenna are relatively similar for crossings #2, #3, and #6. Therefore, we considered crossing 

#1 to be rural, as well. As shown in Figure 24(a) and (e), crossings #2 and #6 almost match 

the RMa LoS path loss values. As shown in Figure 24(b), crossing #3 has a somewhat lesser 

path loss shown than the 3GPP model. With Figure 24, we could assume crossings #1, #2, #3, 

and #6 fall into the rural environment category. 

Crossings #4 and #5 can be considered to be in a suburban environment. As shown in Figure 

24(c), shorter distances, such as in the range of -100ï0 m, are considerable for the rural 

environment; however, most distances are between SMa LoS and NLoS. Therefore, we 

assumed crossing #4 to be in a suburban environment. In addition, as shown in Figure 8(d), 

interestingly, the measured path loss is almost identical to SMa NLoS before the crossing and 
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UMa NLoS after the crossing. With this result, we are able to assume crossing #5 to be 

somewhat between a suburban and an urban environment. 

The interesting aspect relating to path loss is that the path loss is much lower at +/- 100 m 

than the 3GPP path loss model. As shown in Figure 24(a), (c), and (e), which show 

considerably classic rural and suburban environments, we are able to see that both the 

measured and 3GPP models match at distances farther away from the crossing; however, in a 

near region, within +/- 100 m, the path loss is much lower than the 3GPP model. We assume 

this behavior is due to the special environment of crossings; the environment around the 

crossing is reasonably wide open, with possibly a strong LoS environment and a lack of 

interference sources nearby. 

RMS Delay Spread. We observe the RMS delay spread to be in the range of 184ï227 for the 

omnidirectional antenna and 96ï152 for the bi-directional antenna, and these values are much 

higher than those that were observed at the TTCI tracks. We assume the difference appeared 

due to the existence of a few obstructions, such as trees, buildings, or parked cars, near the 

crossings. 

The omnidirectional antenna results are much higher than any values from [23] and [24], but 

the urban LoS with a 600-m distance result from [25] is somewhat similar. The bi-directional 

antenna results are similar to the street crossing-suburban category from [23] and highway 

LoS from [25].  

Through the propagation channel characteristic measurements and analyzed values, we are 

able to confirm the communication environment of the crossings, where we also measured 

the DSRC performance. When comparing our outcomes with the results from [22]ï[25], we 

observe a V2T communication propagation environment similar to the suburban environment 



53 

 

using an omnidirectional antenna and to the highway environment using a bi-directional 

antenna. Interestingly, the 3GPP model matches our assumed environment.  

 

3.7.4 DSRC Performance Measurements 

The DSRC performance measurement results for the SVRR tracks are shown in Figures 25ï

30. Even though we took the measurements in combinations of three modulations and two 

power levels, here, we present BPSK, QPSK, and 16 QAM with the high transmission power 

of 23 dBm and QPSK and with the low power of 11 dBm. All of the intersecting roads at the 

six crossings have a speed limit of 25 mph, and the train speed was limited to 10 mph due to 

track regulations. With these speed limits, we considered 10 s as a minimum notification time 

to be enough; the stopping time for 25 mph is 4.62 s, as shown in Table I, with a notification 

distance of 44.4 m, as shown in Table II. Therefore, the region of interest is +/- 44.4 m. Even 

though we know the region of interest, we compare the DSRC performance with the +/- 400-

m range because of the potential of our contribution to other applications that require a longer 

range than our defined region of interest. 

he DSRC performance measurements on the SVRR tracks can be combined into the 

rural/suburban environment and direct warning/indirect warning scenarios. Crossings #1, #3, 

and #6 can be considered as being in a rural environment with an indirect warning scenario. 

Crossing #2 can be considered as being in a rural environment with a direct warning scenario. 

Crossing #4 can be considered as being in a suburban environment with an indirect warning 

scenario, and crossing #5 can be considered as being in a suburban/urban environment with a 

direct warning scenario. With these combinations of scenarios, we can properly evaluate the 

feasibility of DSRC for V2T safety. 
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Figure 25 Crossing #1: (a) PER with omnidirectional antenna, (b) PDP with bi-directional antenna, (c) PER with bi-directional antenna 

 

Figure 26 Crossing #2: (a) PDP with omnidirectional antenna, (b) PER with omnidirectional antenna, (c) PDP with bi-directional antenna, (d) PER with bi-

directional antenna 
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Figure 27 Crossing #3: (a) PDP with omnidirectional antenna, (b) PER with omnidirectional antenna, (c) PDP with bi-directional antenna, (d) PER with bi-

directional antenna 

 

Figure 28 Crossing #4: (a) PDP with omnidirectional antenna, (b) PER with omnidirectional antenna, (c) PDP with bi-directional antenna, (d) PER with bi-

directional antenna 
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Figure 29 Crossing #5: (a) PDP with omnidirectional antenna, (b) PER with omnidirectional antenna, (c) PDP with bi-directional antenna, (d) PER with bi-

directional antenna 

 

Figure 30 Crossing #6: (a) PDP with omnidirectional antenna, (b) PER with omnidirectional antenna, (c) PDP with bi-directional antenna, (d) PER with bi-

directional antenna
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Figures 25, 27, and 30 show the results for a rural environment with an indirect warning 

scenario. From all three figures, the DSRC performance in a rural environment with an 

indirect warning scenario can be said to satisfy the minimum requirement for safety. The 

range that satisfies the requirement, PER <0.9, is more than +/-400 m for all three crossings. 

The performances with a bi-directional antenna are also similar to those with an 

omnidirectional antenna. However, as clearly shown for crossings #1 and #6, the 

performance with an omnidirectional and 16 QAM high power/QPSK low power shows an 

increase in the PER at 400 m before the crossing, and it is expected to not satisfy around the 

500-m range. Meanwhile, the performance with a bi-directional antenna is steady for the 

whole range. From these comparisons, we can expect DSRC with an omnidirectional or bi-

directional antenna to provide a similar performance, but using a bi-directional antenna can 

provide a slightly longer range. In addition, with these results, we can identify that a DSRC 

radio is adaptable for a V2T communication system in a rural environment with an indirect 

warning scenario. 

Figure 26 presents the results for a rural environment with a direct warning scenario. The 

DSRC performance with an omnidirectional antenna can be considered to satisfy the 

minimum requirement for safety, but QPSK with low power is near the minimum notification 

distance. However, if the minimum notification time is 15 s, QPSK with low power may not 

satisfy. Interestingly, the performances between the omnidirectional and bi-directional 

antennas for this scenario are similar; the coverage range is similar for each combination of 

modulation schemes and power levels. Moreover, the performance of the bi-directional 

antenna after the crossing is worse due to a blockage from a building placed after the crossing, 

which is the reason for creating the NLoS environment. With the comparison, we are able to 

identify that a bi-directional antenna performs worse than an omnidirectional antenna for the 
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NLoS environment. From the evaluations, we confirm the DSRC radio is adaptable for a V2T 

communication system in a rural environment with a direct warning scenario. In addition, 

different from the evaluation of a rural environment with an indirect warning scenario, 

omnidirectional and bi-directional antennas can provide a similar performance, but bi-

directional antennas can be worse when the communication environment changes to NLoS 

from LoS. 

For a suburban environment with an indirect warning scenario, we evaluated in Figure 28. 

The DSRC performance with an omnidirectional, as well as bidirectional antenna is able to 

considered to satisfy the minimum requirement for safety. The DSRC performance with a bi-

directional antenna shows an advantage in terms of coverage range over an omnidirectional 

antenna for this scenario, and the performances after the crossing are similar for all 

modulation schemes and power levels. However, the performances before the crossing, which 

can be more important than after the crossing, show more variation than with an 

omnidirectional antenna. More interestingly, the performance difference is larger for a higher 

power level and lower modulation scheme; the difference in BPSK and QPSK is larger than 

the difference in 16 QAM high power and QPSK with lower power; the effect of antenna 

beamforming is higher for lower modulations From these evaluations, we confirm the DSRC 

radio is adaptable for a V2T communication system in a suburban environment with an 

indirect warning scenario. Moreover, we observe that using a bi-directional antenna can 

provide benefits in terms of coverage range over the omnidirectional antenna. 

For a suburban environment with a direct warning scenario, we evaluated in Figure 29. The 

DSRC performance with an omnidirectional and with a bi-directional antenna is able to 

consider to satisfy the minimum notification range. The advantage of using the bi-directional 

antenna is able to observe in this scenario. The performance difference between the 
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omnidirectional and the bi-directional antennas is larger for higher power levels and lower 

modulation schemes, and this is observed in the suburban environment with an indirect 

warning scenario, as well. The difference is larger for a direct warning scenario than for an 

indirect warning scenario. Through the evaluation, we confirm a DSRC radio is adaptable for 

a V2T communication system in a suburban environment with a direct warning scenario. 

Furthermore, we can identify the advantages of using a bi-directional antenna in a suburban 

environment for both the indirect and direct warning scenarios.  

 

3.7.5 Reliability Analysis 

We choose crossing #4, one of the best performing crossings, and crossing #5, one of the 

worst performing crossings, to discuss the reliability of packet reception before the crossing 

using the CDF. We generate the CDF based on the number of correctly received packets at 

the granularity of 20 m as the train advances toward the crossing. Figure 31 and Figure 32 

show the CDF for crossings #4 and #5. 

 

Figure 31 Crossing #4: CDF of successfully decoded packets before the crossing for (a) omnidirectional 

and (b) bi-directional 
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Figure 32 Crossing #5: CDF of successfully decoded packets before the crossing for (a) omnidirectional 

and (b) bi-directional 

 

When the CDF curves are approximately linear with a slope of one over the distance where 

packets are being received, and if this distance is sufficiently long for an effective warning, 

the system can be considered reliable. This is the case for crossing #4, among others. For 

crossing #5, the reliability is high only for the bi-directional antenna system configuration 

and for a lower-order modulation and high power transmission. 
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Figure 33 Number of correctly received packets for crossing #5 with QPSK and low power transmission 

for (a) omnidirectional and (b) bi-directional 

 

Even though the system reliability of the omnidirectional antenna configuration for crossing 

#5 is low, a good amount of packets is actually being received before the minimum 

notification distance of 67 m. As shown in Figure 33, more than 60 packets are received 

before the critical distance of 67 m before the crossing. Therefore, we conclude the DSRC 

system is a good candidate for the proposed V2T safety-critical communications system, 

which warns cars well ahead of time of an approaching train. 

 

3.7.6 Conclusions of SVRR Measurements 

In Figure 25-30, we evaluate the DSRC performance in rural/suburban environments with 

direct/indirect warning scenarios. Through all combinations of scenarios, we conclude that 

DSRC is adaptable for use in a V2T communication for early warning application, as its 

performance can be considered to satisfy most of the scenarios with all modulation schemes 

and high/low transmit power levels within the minimum notification range with a minimum 



62 

 

notification time of 10 s. Unlike the TTCI track measurements, the interference sources were 

the real environment and random number of existence, and moving vehicles and objects 

existed during the measurement procedure. The measured results confirm that DSRC is 

adaptable for a V2T communication system in a real environment. 

In Figure 24 and Table VI, we evaluate the propagation channel characteristics, path loss 

exponents, Ricean K-factors, and RMS delay spreads for the SVRR crossings. The measured 

path loss results have a fit similar to the 3GPP path loss models for urban, suburban, and rural 

environments with our assumed environment category. For fading-related parameters, Ricean 

K-factors, and RMS delay spreads, all crossings with the omnidirectional antenna are similar 

to suburban categories, as mentioned in [22]ï[25]. In addition, the results with a bidirectional 

antenna show all crossings can be considered as within the highway category from [22] and 

[25], which is the major difference in performance between omnidirectional and bidirectional 

antennas. 

 

3.8 Detailed Propagation Channel Characteristics  

The interested propagation channel parameters are Ricean K-factor, path loss exponent and 

its standard deviation, and RMS delay spread. The channel parameters were calculated by 

PDP which generated by recorded waveform through channel sounder. An example of 

generate PDP plot is shown in Figure 34.  

A generated PDP contains the strongest LoS signal and the signals that are delayed by 

interferences, which is able to capture up to 3.5 ɛsec. Each signal is captured where the 

locomotive started to move and where stopped move. The saved data contains GPS 
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information which can directly allocate propagation channel signal and the distance away 

from the crossing. 

 

Figure 34 Example of Generated PDP 

 

The calculation of propagation parameters is done with each recorded GPS location. One 

instantaneous signal is shown in Figure 35. In Figure 35, the continuous received signal is 

shown as blue line and each peak are represented as red lines. The power data at delay time 0 

sec represents the strongest LoS signal and all others represents delayed signal. The 

calculation was done with using these signals. 
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Figure 35 Example of Instantaneous PDP 

 

3.9 Robust Estimation Methods 

From PER and channel characteristics, the parameters are collected certain range window 

with sharing same distance parameter. With this information, we can estimate the channel 

characteristics values for V2T communication environment and find the linear form 

equations between PER and channel characteristics or distance and channel characteristics. 

For the estimation process, we will use the similar method used in [20]-[25]; 1) mean and 

variance, 2) linear regression and R
2
, a coefficient of determination, to evaluate the goodness 

of fit. 

For evaluate the channel characteristics, the measurements were done in a mixture of 

suburban and rural; therefore, we will use mean and variance with the assumption of 

Gaussian distribution to estimate. The estimation will not consider other potential affecting 

parameters. All of the calculated parameters are discrete results. The mean is defined by: 
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В  

  (13) 

The variance is defined by: 

6ÁÒÃÈÁÎÎÅÌ ÃÈÁÒÁÃÔÅÒÉÓÉÔÃÓὉ ὧὬὥὲὲὩὰ ὧὬὥὶὥὧὸὩὶὭίὸὭὧί‘  (14) 

With (13) and (14), we can estimate the channel characteristics for mixed suburban and rural 

environment for V2T communication. 

Since weôre interested the relationship between PER and channel characteristics or distance 

and channel characteristics, the linear regression is applied to estimate. The linear regression 

representation is defined by: 

Ú ( Øz Å     (15) 

where z is dependent variables, H is an estimator, x is an independent variable, and e is an 

error between the estimated value and measured value. Since the interesting parameters are 

one-to-one variables, the linear regression can be simplified into:  

Ú  ‍ ‍ὼ Ὡ      (16) 

where ɓ0 is intercepted at z and ɓ1 is regression coefficient. This can be rewritten into vector 

form as: 
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The coefficient of determination, R
2
, is defined by: 

Ὑ ρ
В Ȣ Ȣ

В Ȣ
      (18) 

Also, R
2
 can be rewritten with residuals: 

Ὑ ρ
   

   
   (19) 
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R
2
 can be observed as the range of 0 to 1 and larger value considered as better to fit or better 

estimator.  

With the linear regression process, we can generate estimated linear form equation for PER 

and channel characteristics or distance and channel characteristics. After observing the 

equations, R
2
 can support whether the equation is good to use or more measurement is 

required to reduce randomness. The evaluations with measured and estimated results are 

shown in the next Section. 

 

3.10 Analyses of Results 

The mean and variance of Ricean K, path loss exponent, and RMS delay are shown in Table 

VII  and their distributions are shown in Figure 36, Figure 37, and Figure 38. Due to units of 

variables, large or small value of variance is not good to compare. Interestingly, the 

distribution shape for Ricean K, RMS delay, and path loss exponent seems different. Only 

Ricean K distribution seems normal Gaussian distribution. RMS delay and path loss exponent 

seem exponential distribution or other than normal Gaussian. Therefore, finding the best fit 

distribution will make the mean and the variance to be useful to use for simulation or 

modeling for wireless communications. 

 

Table VII  Mean and variance of Ricean K, path loss exponent, RMS delay 

 Ricean K (dB) Path loss exponent 

(dB) 

RMS Delay (ɛs) 

Mean 3.9945 2.7738 0.1960 

Variance 13.2669 0.1905 0.0029 

Standard deviation 3.6424 0.4365 0.0539 

Confidence interval -1.5~13.5 2.34~4.00 0.13~0.33 
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Figure 36 Distribution of Ric ean K 

 
Figure 37 Distribution of RMS Delay 
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Figure 38 Distribution of path loss exponent 

 

The linear regressions between PER and channel characteristics are shown in Figure 39, 

Figure 40, and Figure 41. Interestingly, all of them are flat lines with R
2
 of around 0.002, 

which represent ñpoorò to fit. However, as shown in Figure 39, Figure 40, and Figure 41, the 

PER values are most likely 0s than well distributed; not much variance appears in PER values. 

Therefore, the evaluation of linear regression between PER and channel characteristics are 

useless until more vary PER values are collected. As the point of view to evaluate the 

performance of DSRC for V2T communications, the performance is really great due to 

properly working in different parameters of channel characteristics. However, as the point of 

view to evaluate the relationship, the data set is worse and the linear equation is useless due 

to less distributed PER values.  
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Figure 39 PER vs Ricean K  

 

Figure 40 PER vs RMS Delay  
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Figure 41 PER vs Path loss exponent  

 

The linear regressions between the relative distance of train and crossing and channel 

characteristics are shown in Figure 42, Figure 43, and Figure 44. These are more interesting 

than the linear regressions between PER and channel characteristics. The linear regression of 

Ricean K is shown as: 

+ πȢππψÄςȢψυ    (20) 

with R
2
 of 0.034. With this information, this model does not explain the relationship for 

Ricean K and relative distance, and more data are needed for solid relationship model. The 

linear regression of path loss exponent is shown as: 

Î  πȢππςÄσȢπτ    (21) 

with R
2
 of 0.144. With this information, we also can assume the model does not explain the 

relationship for path loss exponent and relative distance well. However, we expect using the 

exponent of distance or exponential relationship instead of linear can increase R
2
, which 

represents a better model to estimate the model from the measured results. The linear 

regression of RMS delay is shown as: 
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2-3 ÄÅÌÁÙυȢψυὩ Ὠ πȢρωυ   (22) 

with R2 of 9.24e-5. Based on this information, the data used in this analysis do not show a 

significant relationship between RMS delay and relative distance. From all three linear 

regression evaluation processes, none of the models provide a robust estimate of channel 

parameters based on relative distances.  Other variables not considered in this model may 

explain more of the variation in channel parameters. However, more data collections may 

provide solid relationship model, also, the factor other than relative distance need to be 

considered.  

 

 

Figure 42 Ricean K vs Distance  
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Figure 43 Path loss exponent vs Distance 

  

 

Figure 44 RMS Delay vs Distance  

 

From the estimation process by finding mean and variance and linear regression, we were 

able to estimate the values of channel characteristics at V2T communication environment. 

For mean and variance, Ricean K is good to use since the distribution is normal Gaussian 
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distribution, which is usually used in simulation models. However, for RMS delay and path 

loss exponent, the distributions do not fit with the normal Gaussian distribution. Therefore, 

finding better-fitted distribution model is required and the new variance will be given after 

finding the new fitted distribution model. For linear regressions between PER and channel 

characteristics, we observe more vary PER values is required to identify the relationship 

between PER and channel characteristics. For linear regressions between relative distance 

and channel characteristics, the linear equation for Ricean K is not good due to low R-

squared value. Also, the linear regression for path loss exponent is required to process with 

other than linear equational form. Also, we observe the no relationship between RSM delay 

and relative distance due to flat slope observed in the linear equation. 

The authors of [20] presented a linear model of Ricean K-factor in relation to distance and 

given by: 

+ πȢπρςÄπȢςω    (23) 

Interestingly, our model from the measurement, (20), and the model presented in [20], (23), 

have a similar relationship between the distance and the Ricean K-factor, as 0.008 and 0.012, 

respectively. There are certain error observed; however, the similarity between V2T and V2V 

can be found. 

More specific comparison between terrain parameters and crossings, we plotted propagation 

channel characteristics with related to distances in Appendix D. From each crossing figures, 

we observed similar behaviors in Ricean K factor and path loss exponent for rural crossing 

environments, Crossing #3 and #6; however, there are some outliers especially in Ricean K 

factor, which are due to in the transition between rural to suburban/urban like crossings.  

Since Crossing #4 is only suburban crossing, we plotted rural like crossings for figures 45-47. 

From Figure 45, we observed similar results as shown in Figure 42 due to the outliers shown 
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in the ranges of 200 m. Based on Figure 97 and Figure 99, those points are observed after the 

crossings, and the region after Crossing #3 and #6 contains a large forests and buildings. The 

RMS delay stays as same conclusion as before. For the path loss exponent values, all of them 

are in the range of 2.5-3, except the values after the Crossing #6. Interestingly, the outliers of 

path loss exponents were not shown from Crossing #3, but from Crossing #6.  

 

 

Figure 45 Ricean K for rural crossings 
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Figure 46 RMS delay for rural crossings 

 

 

Figure 47 Path loss exponent for rural crossings 

 

3.11 Conclusions for Estimation Methods Analysis 

We faced a limitation in obtaining PER models due to PERs of zero for the range of 

propagation channel measurements. More measurements at different sites that will give non-
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zero PERs are needed for a more accurate relationship model. From the measured results, we 

estimated the results by 1) mean and variance with the assumption of Gaussian distribution, 2) 

linear regressions between PER or distance and channel characteristics. From mean and 

variance, we observed only Ricean K is following Gaussian distribution while the other two 

does not. Therefore, the properly fitted distribution to find mean and variance is required. 

From linear regression of PER, we observed more varied PER is required to collect to 

estimate proper equation. From linear regression of distance, we wonôt find good fitted line, 

which give us the conclusion for more data collection is required. The suggested equations 

are not sufficient enough to use in the field yet due to low R
2
 parameters for all fitted line, 

collected data in few crossings, which may not representative, and the parameter, especially 

path loss exponent, consider other equation than linear regression. Therefore, careful 

approaches to evaluate the equations for propagation characteristics with more field trial are 

required to suggest for design guidelines. Also, PER values are almost zero for all scenarios; 

therefore, another propagation channel measurement with worse performing DSRC 

environment is required for developed design guidelines. 
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Chapter 4 

ITS Band Regulatory Survey 

4.1 Introduction 

A literature survey was performed to identify technical challenges and related prior research 

associated with possible future regulatory decisions related to the 5.9 GHz ITS band.  These 

decisions relate to band sharing and mandatory use of a wireless communication standard or 

standards for vehicular safety communication.  This study will help investigators to plan 

research that is highly relevant to the future regulatory environment of the 5.9 GHz band and 

to future ITS bands that may be subject to different combinations of regulations. 

DSRC has been the dominant protocol recommended for vehicular communication such as 

V2V and V2I communications. In FCC Report and Order FCC-03-324 [32], the FCC 

allocated 75 MHz of the spectrum in the 5.9 GHz band for vehicular communications. DSRC 

has been using the 75 MHz of spectrum with seven different channels; each is 10 MHz 

bandwidth as per the recommendation of ITS. 

However, more recently the FCC issued a NPRM regarding the potential use of the 5.9 GHz 

band for U-NII devices. Also, the FCC is considering sharing the spectrum of 5.85-5.925 

GHz by both DSRC and U-NII devices, as mentioned in FCC Docket ET 13-49 [33]. The 

primary unlicensed devices that included in the FCC NPRM use a signal based on IEEE 

802.11ac and operate at U-NII-4 band shown in Figure 1. 

The channel allocations being considered for DSRC and U-NII-4 are shown in Figure 1. In 

the FCC NPRM, two interference mitigation approaches are presented: ñDetect and Vacate 

(DAV)ò and ñRe-channelizationò. DAV represents no changes to DSRC, but requires 
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unlicensed devices to avoid DSRC interference by detecting the DSRC signal up to Channel 

178. ñRe-channelizationò is an allocation process where safety-related DSRC applications 

use the upper 30 MHz (Channels 180, 182, and 184) while non-safety-related DSRC and U-

NII devices share the lower 45 MHz (Channels 172, 174, 176, and 178). 

Furthermore, new developments of Vehicle-to-Everything (V2X), are expected over the next 

few years with releases 3GPP releases 16 and 17.  One potential apporach is to provide 

services through LTE, which is refered to as C-V2X [34]. Recently, 3GPP presented the 

sidelink interface and the LTE cellular interface in Release 14 with fulfilling the requirements 

of V2X services [34]. Also, Society of Automotive Engineers (SAE) established five levels 

of vehicle automations, complete driver control (level 0) to complete autonomy (level 5), and 

the autonomous driving will highly rely on the communication functionality [35]. Although 

the technical details are still under  development, C-V2X will brings additional complexity 

to the discussion on how to allocate spectrum bands in the 5.9 GHz band due to involvement 

of traditional vehiclular communication in the architecture. 

As Wi-Fi, LTE, and DSRC are competeing for the 5.9 GHz spectrum, numerous technical 

challenges to research will arise. Since allocating the spectrum is organized by FCC, and 

possibly the NHTSA may affect the regulation,  there are some technical challenges that we 

further analysis in this paper. However, when a regulatory of 5.9 GHz spectrum band is fixed 

by both FCC and NHTSA, the technical challenges to research should somewhat align with 

expected regulations. 

DSRC is the dominant protocol for 5.9 GHz band; however, deploying C-V2X, Wi-Fi, and 

other unlicensed devices at the band is considered. Within possible hypothesis about FCC and 

NHTSAôs decisions, we can generate possible combinations of regulations and associated 

technical challenges related to possible regulation scenarios. Moreover, we present a 
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comperhensive technical assessment that is related to the potential technical challenges for 

those regulations. 

 

4.2 Possible FCC and NHTSAôs Regulations 

For adopting certain regulations for vehicular communication, FCC and NHTSA have the 

major role. Their decision may or may not conflict to each other; however, it is obvious to 

say that C-V2X or DSRC or both will be using the 5.9 GHz. Also, based on announced 

NPRM, FCCôs position can be expected as using UNII-4 and DSRC with Re-channelization 

and under discussion about DAV while NHTSA is more focused on whether the technologies 

can satisfy their minimum safety requirements. 

Possible FCC actions are following: 

· Number of vehicular safety communication technologies in band: 1) one technology; or 2) 

two technologies  

· If one safety technology in band: 1) DSRC Only; or 2) C-V2X Only 

· If two or more safety technologies in band: 1) co-channel coexistence; or 2) adjacent 

channel coexistence 

· Re-channelization: 1) Re-channelize, safety-related DSRC using upper 30 MHz and 

unlicensed devices using lower 45 MHz; or 2) Do not re-channelize 

· Wi-Fi sharing: 1) Allowed through DAV; 2) Not allowed 

· Other unlicensed technologies, most prominently LTE-U, LAA, and MuLTEfire: 1) 

Allowed; 2) Not allowed 

Re-channelization and Wi-Fi sharing by DAV are considered as two different interference 

mitigation approaches. However, they can be used at the same time: using safety-related 
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DSRC to re-channelize at upper 30 MHz and allocate non-safety-related DSRC at 45 MHz 

with allowing Wi-Fi sharing through DAV. For the re-channelization scenario, Wi-Fi sharing 

is always allowed. For the do-not-re-channelization scenario, Wi-Fi sharing could either be 

allowed or not allowed. 

With the interests of NHTSA, which technology using for vehicular communication, we can 

identify the possible NHTSAôs regulations as: 

· DSRC only 

· C-V2X only 

· Coexistence DSRC & C-V2X 

ü Interoperable 

ü Non-Interoperable 

· No regulations 

NHTSA is more interested about which technology is preferred for vehicular communication 

with fulfilling the safety requirements while FCC is interested about both the technology and 

how to efficiently using the 5.9 GHz band with the technologies. The scenario of coexistence 

can be considered as interoperable or non-interoperable. Interoperable represents as vehicles 

are using a device that allows DSRC and C-V2X to communicate each other. No regulation 

scenario represents the case when NHTSA does not impose a regulation for vehicular 

communication. 

With the combinations of identified FCC and NHTSAôs regulation scenarios, we have 

generated scenario regulation chart as shown in Figure 48. 

For each combination of scenarios, certain technical challenges are inherent. The technical 

challenges are shown as alphabet code in Figure 48. The details of these technical challenges 

are listed in Table VIII .  
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Based on the expected scenarios, certain technical challenges can be faced: 

· Effect of adjacent interference to DSRC or C-V2X, or vice versa 

· Ability of Wi -Fi to detect DSRC or C-V2X signals 

· Co-channel interference between Wi-Fi/DSRC/C-V2X 

· Interoperability between DSRC and C-V2X 

· Scheduling schemes to use the spectrum for DSRC and C-V2X 
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Figure 48 FCC and NHTSAôs regulation plan 
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Table VIII  List of technical challenges 

Alphabet Code 

from Figure 48 

Description 

Alphabet 

Code from 

Figure 48 

Description 

a Ability of Wi -Fi to detect DSRC signals to vacate f 

Co-channel interference between Wi-Fi and C-

V2X 

b 

Adjacent interference to DSRC: out-of-band rejection of 

DSRC 

g 

Analyzing adjacent interference from DSRC to C-

V2X and from C-V2X to DSRC. Depending on 

which system will use the lower frequency band, 

adjacent interference from Wi-Fi need to be 

analyzed  

c Co-channel interference between Wi-Fi and DSRC h 

How the co-channel coexistence between DSRC 

and C-V2X will affect the performance to each 

other  
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d Ability of Wi -Fi to detect C-V2X signals to vacate i Interoperability between DSRC and C-V2X 

e 

Adjacent interference to C-V2X: out-of-band rejection 

of C-V2X 

j 

The ñNo Regulationò will inherit all technical 

issues in the column above it 
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4.3 Technical Surveys Related to Regulation Scenarios 

By categorizing technical challenges as shown in Table VIII , we surveyed papers and 

categorized them into the related technical challenge topics. For the current FCC and 

NHTSAôs plan is the scenario of DSRC only using for 5.9 GHz spectrum band, we found the 

greatest number of papers address this scenario. However, the least number of studies are 

related to the technical challenges for coexistence of DSRC and C-V2X scenario. Therefore, 

in this section, we identify the technology gaps that have not been addressed in the technical 

literature. Table IX  summarizes addressed technical challenges that found in the literature and 

their key findings. 

 

4.3.1 DSRC Only 

Authors of [36] evaluated the effects of adjacent channel interference in multi-channel 

vehicular networks. In the model setup, a target node is observing in Service Channel (SCH) 

4 and various numbers of nodes transmit on SCH3 to cause adjacent channel interference on 

the target node. Their study shows that a node tuning into a channel with a low transmission 

power, so to mitigate adjacent channel interference effects would preserve the 

communication quality at some extent. They also found that despite the blocking, channel 

access delay may be reduced and transmissions may be less prone to collisions. 

The authors in [37] studied the effects of adjacent channel interference signal energy levels 

and channel access delay and packet loss in the multi-channel vehicular networks using an 

adjacent channel interference model through simulation that is able to control time, space, 

and frequency parameters for mobile nodes. They explored two scenarios: 1) vehicular nodes 

are arranged in a square and adjacent channel interference effects at the center are measured; 
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2) 60 cars are exponentially distributed over 3-lane highway. Through the simulations, they 

found that the effect of adjacent channel interference to be significant for transmission power 

settings of 20 dBm and when the involved nodes are at a distance lower than 7m. The results 

show that the increased packet losses is the more evident effect of adjacent channel 

interference in mixed co-channel and adjacent channel interference scenarios. 

Impact of adjacent channel interference on DSRC Control Channel (CCH) communication 

due to communication in adjacent SCH channel is evaluated in [38]. They setup two devices 

communicating on CCH and two on SCH. Two nodes, one on each channel, are kept close 

together while the other two are farther away. 5, 10, 15, 20, and 33 dBm power levels used 

and 5-500 m separations used. Through the tests, the authors observed that 1) a transmit 

power of 33dBm is not applicable because the adjacent channel will be found busy by the 

nearby node; 2) it is not applicable to run both channels with a similar transmit power due to 

the reduction of the communication range to 100 m on both channels; 3) the best power 

difference seems to be 10 dB where the best communication range on the CCH and SCH can 

be achieved. 

The impact of on-board 802.11a Wi-Fi device communication with an electronic toll 

collector on the vehicleôs DSRC communication is evaluated in [39]. The tests were done 

with 3 lanes and 100 cars in each lane. Two traffic cases were considered: 1) normal traffic 

case, in which cars move at 54 km/h and the average inter-car distance is 10 m; 2) traffic jam 

case, which assumes that cars are moving at 3.6 km/h and the average inter-car distance is 3 

m. Also, sensitivity to power was considered by: 1) vary percentage of cars using 802.11a; 2) 

vary transmit power of 802.11a with percentage cars held constant; 3) vary transmit power of 

802.11p RSU. Through the tests, authors of [39] found that the effect of 802.11a interference 
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canôt be eliminated just by increasing the 802.11p transmit power and need further 

mechanisms to make DSRC more reliable and rugged. 

Authors of [40] tested the interference to DSRC communication when the interferer is 

another DSRC radio on the same vehicle as well as on another vehicle. They tested with two 

scenarios: 1) V2V communications with equipped 6 dBi antenna; 2) V2I communications 

with RSU equipped 16 dBi and OBU equipped 6 dBi antenna and 33 dBm transmit power. 

For V2V scenario, they observed the receiver can only receive other adjacent signals within 

14.19 m and non-adjacent signals within 71.13 m with full transmission rate, 27 Mbps. For 

V2I scenario, they observed the receiver can only receive other adjacent signals within 174.6 

m and non-adjacent signals within 875.1 m with full transmission rate, 27 Mbps. 

Reference [41] analyzed the coexistence between Wi-Fi and DSRC by analyzing the physical 

layer challenges and the MAC layer challenges for the two systems to coexist. At short 

distances between DSRC transmitter and receiver from there is no significant coexistence 

issues. For long range DSRC communications, there is high DSRC packet loss due to 

interference from Wi-Fi, but long distances are not critical for safety related DSRC 

applications. At medium distances, outdoor Wi-Fi can coexist better than indoor Wi-Fi, the 

latter creating non-negligible packet loss, which can be problematic for DSRC safety 

applications. Their results show that even with DAV, indoor Wi-Fi can cause interference to 

DSRC, and it was recommended to reduce the Wi-Fi transmit power in this case to avoid 

creating an interference to the DSRC. Also, the results shows the DAV provides better 

coexistence mechanism for the DSRC, and it was recommended in the paper to adopt this 

technique if Wi-Fi and DSRC share the same band. 

From the surveys, we expect following additional technical analysis is needed for DSRC 

Only regulatory scenario: 
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· Evaluation of adjacent channel or co-channel Wi-Fi interference effects 

· Technical improvement of Wi-Fi to detect DSRC signal for advanced DAV algorithm 

 

4.3.2 C-V2X Only 

Reference [42] analyzed the effect of the aggregate adjacent channel interference generated 

from LTE small-cells to a user in macro-cells. The authors propose an interference 

approximation model for the interference generated from small-cell to a device connected to 

the macro-cell as a weighed-sum of lognormal-based distributions. They found that if small-

cell intensity increases, the outage probability of victim user increases and under same small-

cell intensity, as the distance between victim user and macro-cell BS increases, outage 

probability increases. 

The authors of [43] proposed a modified OFDM-based scheme for V2X communication to 

improve performance and robustness of the vehicular communications against fast fading, 

which will happen when vehicles travelling at high speed. The authors analyzed the effect of 

subcarriers numbers on the date rate under different relative speeds. They concluded that 

when the data rate increases from 1 Mbps to 10 Mbps under a relative speed of 200 km/h, the 

larger number of subcarriers is preferred to satisfy the link performance requirements, 

especially to prevent frequency selective fading. 

The authors of [44] evaluate the performance of V2I communications based on a freeway 

scenario in which the coverage is provided by LTE-A. The authors used an LTE system 

simulation platform for which the system throughput performance and signal-to-interference-

plus-noise ratio (SINR) have been rigorously assessed. For the case in which the network is 

dense and the reliability requirement is high, the results indicate there is a need for novel 
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resource allocation and interference mitigation techniques to meet the performance 

requirements. For the case in which the minimum and maximum distances between vehicles 

are 200 m and 300m, respectively (which corresponds to around 40 vehicles connected to 

each RSU), the result shows that about 50% of vehicles can achieve an SINR of 15 dB and 

cell edge vehicles (5% from CDFs) can achieve SINR of 2 dB. 

The authors of [45, 46] studied about performances of LTE-V mode 4 for C-V2X and 

presented LTE-V mode 4 with using sidelink. From [44], the authors compared the 

performances of DSRC and LTE-V under highway fast and slow environments and evaluated 

LTE-V performances with different modulation schemes. From the studies, the authors 

observed LTE-V outperforms DSRC when DSRC is using low data rate and alternative 

DSRC due to its improved link budget, the support for redundant transmissions per packet, 

and different sub-channelization schemes. However, the careful configuration parameters are 

required for more efficient usage. The authors of [45] analyzed the performance with 

different Semi-Persistent Scheduling (SPS) parameters of C-V2X. The authors of [45] 

observed Packet Delivery Ratio (PDR) improved as the number of available sub-channels and 

increasing of resource reservation interval can obtain increasing of PDR in dense networks.  

From the surveys related to C-V2X Only regulatory scenarios, we expect following technical 

challenges are needed: 

· Observation of the configuration of C-V2X that can outperforms DSRC 

· Evaluations of adjacent or co-channel Wi-Fi interference effect to C-V2X 

· Signal scheduling schemes for C-V2X networks 
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4.3.3 Coexistence between DSRC and C-V2X  

In [47], the 5GAA proposes splitting the lower 30 MHz of the band between DSRC and C-

V2X, where each technology is allocated 10 MHz (5875-5885 MHz, 5895-5905 MHz), and 

there is 10 MHz in between (5885-5895 MHz), which can be used by either technology 

through a Detect and Vacate mechanism. According to 5GAA, the upper 45 MHz allocation 

can be addressed in the future. 

Since we wonôt able to search many surveys related to Coexistence between DSRC and C-

V2X regulatory scenario, the additional technical challenges covers all challenges that 

mentioned previous regulatory scenarios: 

· Evaluations of adjacent or co-channel interference effect between DSRC and C-V2X; both 

can be main signal and interference source 

· Signal scheduling schemes of DSRC and C-V2X in the spectrum bands 

· Interoperability between DSRC and C-V2X 

· DSRC/C-V2X detection and identification methodology 

· Wi-Fi to detect DSRC/C-V2X for advanced DAV algorithm 

· Advanced channelization, avoidance, and interference mitigation techniques 

 

Table IX  Summary of technical surveys 

Regulatory Scenarios Contributions 

DSRC Only 

· A node tunes into a channel with a low transmission power to 

mitigate adjacent channel interference effects would preserve the 

communication quality at some extent [36] 

· Interference to nearby nodes gets weaker [36] 
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· Effect of adjacent channel interference should not be neglected for 

transmission power of 20 dBm at a distance lower than 7 m [37] 

· Increase of channel access delay due to adjacent channel interference 

is largely negligible when co-channel interference is also 

experienced [37] 

· The best power difference is around 10 dB where the best 

communication range on the CCH and SCH can be achieved [38] 

· Effect of 802.11a interference canôt be eliminated by increasing 

802.11p transmit power [39] 

· Receiver can receive other adjacent signals within 174.6 m and non-

adjacent signals within 875.1 m with 27 Mbps transmission rate [40] 

· Even with DAV, indoor Wi-Fi can cause interference to DSRC and 

recommended to reduce Wi-Fi transmit power to avoid creating an 

interference to DSRC [41] 

C-V2X Only 

· If small-cell intensity increases, the outage probability of victim user 

increase [42] 

· As the distance between victim user and macro-cell BS increases, 

outage probability increase [43] 

· When the data rate is increasing from 1 Mbps to 10 Mbps under a 

relative speed of 200 km/h, the larger number of subcarriers is 

preferred to satisfy maintain the link, especially to in the presence of 

frequency selective fading [43] 

· When the network is dense and reliability requirements are high, 
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there is a need for novel resource allocation and interference 

mitigation techniques to meet the performance requirements [44] 

· LTE-V outperforms DSRC when DSRC is at 6 Mb/s, but DSRC can 

improve the performance with 18 Mb/s [45] 

· LTE-V can be an alternative of DSRC due to the improved link 

budget,  the support for redundant transmissions per packet, and 

sub-channelization schemes; however, a careful configuration of the 

transmission parameters is required for transmitting more packets-per 

seconds (pps) [45] 

· PDR improves as the number of available sub-channels for sidelinks 

[46] 

· PDR increase from 10-25% to 60-85% when the resource reservation 

interval increased 100 to 1000 ms [46] 

Coexistence between DSRC 

and C-V2X 

· 5GAA proposed splitting lower 30 MHz of band between DSRC and 

C-V2X and upper 45 MHz allocation can be addressed in the future 

[47] 

 

 

4.4 Conclusion of ITS band regulatory contingency and technical 

survey 

We have analyzed the potential regulatory rules that can be made by FCC and NHTSA about 

5.9 GHz spectrum band for vehicular communications and have created possible regulation 

scenarios. We have listed the technical challenges that can be brought up from the several 
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combinations of scenarios as shown in Table VIII . We have presented a complete survey for 

the vehicular communication related research work in the literature and have mapped this 

work into the different technical challenges we analyzed.  

Through configuring possible regulation scenarios and technical surveys, we have identified 

that certain technical challenge topic had been researched more than the others. Even the 

frequent researches were done in related to DSRC only, C-V2X only, or coexistence of 

DSRC and C-V2X, we believe coexistence of DSRC and C-V2X will be the regulation in 

near future and C-V2X only will be the regulation for further future when the configurations 

of C-V2X that can outperform DSRC is confirmed. With the expected regulation, we believe 

interoperability technical issue should be investigated more due to the announcement of FCC, 

U-NII4 devices share with DSRC band, and rising of C-V2X.  Beyond near-term regulatory 

decisions for the 5.9 GHz band, the survey will help researchers set appropriate agendas for 

investigations related to V2X communication in future bands that may be subjected to 

different combinations of regulations.  
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Chapter 5 

Adjacent Channel Interference Evaluation 

5.1 Introduction 

From the technical survey for ITS band regulatory planning, we observed several technical 

challenges and distributions of studies related to possible 5.9 GHz band regulatory scenarios. 

Based on our observation, coexistence between DSRC and C-V2X scenario is not as 

thoroughly researched as other possible scenarios mentioned in the previous chapter. 

Therefore, we planned to conduct measurements to evaluate the feasibility of adjacent 

channel coexistence. 

We conducted the measurements to evaluate the effect of adjacent channel interference, using 

interference sources such as IEEE 802.11ac and approximated C-V2X, to DSRC performance. 

With the results from the experiments, we can evaluate the possibility for DSRC Only & Re-

channelization and DSRC and C-V2X adjacent channel coexistence & Re-channelization 

scenarios. We measured the performance of DSRC as metric of PER with adjacent channel 

interferences as IEEE 802.11ac, 20 and 40 MHz bandwidth, and approximated C-V2X 

signals and different path loss values. 

 

5.2 Measurements Overview 

The objective of our experiments is to empirically evaluate the performance of DSRC using 

PER as the performance metric, in the presence of interference from LTE and IEEE 802.11ac 

signal in adjacent channels. Because C-V2X equipment was not available at the time of 

writing, we used standard LTE/modified C-V2X signals to provide a rough approximation of 
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C-V2X. C-V2X includes provisions to reduce interference that are not included in the LTE 

waveform used in the experiments, so the interference from C-V2X to DSRC is likely to be 

less than observed in the experiments. With these evaluations, we can identify the effect of 

Wi-Fi, LTE, and C-V2X on DSRC to assess implications of the FCCôs proposed plan for ITS 

band. 

For C-V2X adjacent experiments, DSRC operates on Channel 172 and C-V2X on Channel 

(ch) 174. Since current Wi-Fi devices do not operate in the DSRC bands, we operate DSRC 

in ch 172 and record IEEE 802.11ac signals and upconvert them to ch 169 for a 20 MHz 

bandwidth Wi-Fi signal and to ch 167 for a 40 MHz wide signal. This allows us to conduct 

adjacent channel interference measurements and analyses. 

We consider varying path loss between DSRC radios and Wi-Fi, LTE, and C-V2X radios. As 

shown in Figure 49 and Figure 50, our scenario contains a DSRC transmitter (Tx), receiver 

(Rx), and Wi-Fi, LTE, and C-V2X radio as the adjacent-channel interferer. We assume that 

both channels, DSRC Tx to Rx and interference source to DSRC Rx, are LOS. We consider 

DSRC Tx to DSRC Rx distances (D1) of 50, 75, 100, 150, 225, 300, and 415 m. The 

interference source to DSRC Rx distances (D2) are 25, 50, 75, and 100 m. Figure 49 and 

Figure 50 shows the desired setup for D1 and D2. 

We used the Urban Micro LOS (UMi LOS) path loss model from 3GPP TR 36.814 [31]. The 

UMi LOS equations are 

0, ςςȢπὰέὫὨ ςψȢπ ςπὰέὫὪ               (23) 

Where fc is a center frequency in GHz, d the distances between two nodes in m. (23) applies 

to distances, d, below 1180 m, which are considered in these experiments. 
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Figure 49 Scenario for DSRC Tx, Rx, and LTE coexistence 

 

Figure 50 Scenario for DSRC Tx, Rx, and Wi-Fi coexistence 
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5.3 Hardware Setup 

The hardware platform has three major components: (1) DSRC radios; (2) a recorded 

interference source; and (3) an emulated RF channel. All components are connected through 

short shielded cables to remove any external random effects. 

 

5.3.1 DSRC 

Savari MobiWAVE radios are used for the measurements. The DSRC signal has a transmit 

power level of 23 dBm, a bandwidth of 10 MHz, a packet length of 143 bytes, a packet 

interval of 100 ms, and transmits 6000 packets. We assume BSM types of applications. The 

BSM application contains these messages per each packet: transmit power, bit rate, channel, 

message length, message count (msg_cnt), id, section mark (secMark), latitude (lat), 

longitude (long), elevation, speed, heading, angle, acceleration in latitude, acceleration in 

longitude, acceleration in vertical, acceleration in yaw, brake status, width, and length. We 

post-process the transmitted and received packet by comparing ómsg_cntô, ósecMarkô, ólatô, 

and ólongô parameters to determine the number of correctly received and dropped packets to 

calculate the PER as 

0%2ρ
   

   
     (24) 

 

5.3.2 Interference Sources 

The recorded LTE signal consists of Time Division Duplex (TDD) LTE Uplink (UL) and 

Downlink (DL) signals which were generated by a Rhode & Schwarz CMW 500 Wideband 

Radio Communication Tester with center frequency at 2.4 GHz and bandwidth of 10 MHz. 

We used USRP B210 to playback the recorded LTE signal by adjusting transmit power level 
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to 23 dBm and center frequency at Channel 174 to provide a rough approximated C-V2X 

signals with nearly 100% channel capacity. 

The recorded Wi-Fi signal is generated using a TP-LinkAC1900 IEEE 802.11ac Wi-Fi AP. 

The 20 MHz signal uses ch 161 and the 40 MHz signals uses ch 159 with a transmit power of 

36 dBm. Wi-Fi AP is connected to a Microsoft Surface Pro 3 notebook to record both uplink 

and downlink signals. The channel capacity is nearly 100 %, as controlled by iperf. The 

recording is done using GNU Radio with a USRP B210. The recorded signal is played back 

at a desired center frequency using the same software-defined radio setup. Since a large 

amount of memory is required for recording the wideband signal and the out-of-band signal 

leakage, we only record the 15 MHz of the Wi-Fi signal/leakage portion that overlaps with 

the DSRC signal. This is illustrated in Figure 51. 

 

 

Figure 51 (a) Region of recorded 20 MHz Wi-Fi signal, (b) region of recorded 40 MHz Wi-Fi signal 
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Figure 52 RF channel emulator implemented as variable attenuators 

 

 

Figure 53 Photo of attenuators 

 

5.3.3 Emulated RF Channel 

To emulate large-scale path loss (PL), we physically connect attenuators to the junction 

between DSRC Tx to Rx and Wi-Fi interference to DSRC Rx separately as shown in Figure 

52. The attenuated signals are combined at the input of the DSRC Rx. The actual connections 
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of attenuators are shown in Figure 53. The attenuation values are obtained based on (23). 

Since the center frequencies for DSRC and 20 and 40 MHz Wi-Fi signals are different, the 

calculated PL values differ; however, the difference is less than 1 dB, which is the minimum 

step size of the controllable attenuators that we have. Therefore, attenuator values for 50, 75, 

and 100 m LOS distances for the Wi-Fi and DSRC paths are set to the same values of 81, 84, 

and 87 dB, respectively. The selected distances for Wi-Fi to DSRC Rx path are 25, 50, 75, 

and 100 m with path loss of 74, 81, 84, and 87 dB. The selected distances for DSRC Tx to Rx 

path are 50, 75, 100, 150, 225, 300, and 415 m with path loss of 81, 84, 87, 91, 95, 98, and 

101 dB. Table X captures the experimental paraemters, including path loss values between 

DSRC Tx and Rx and adjacent interference source to DSRC Rx, as well as the emulated 

distance values. The signal validations are shown in Appendix C. 

 

Table X Measurements Configurations 

Configurations Parameters 

DSRC transmit power 23 dBm 

LTE/C-V2X transmit power 40/23 dBm 

Wi-Fi  

transmit power 

36 dBm 

DSRC channel 172 

C-V2X channel 174 

Distance between DSRC Tx and Rx (D1) 50, 75, 100, 150, 225, 300, 400 m 

Path loss on DSRC link 81, 84.6, 87.4, 91, 95, 97.9, 100.7 dB 

Adjacent Channel Tx and DSRC Rx distance D2 25, 50, 75, 100 m 

Path loss along D2 74, 81, 84.6, 87.4 dB 
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Figure 54 Parts labels for USRP and DSRC Tx/Rx connections for LTE measurements 

 

Table XI  Part names from Figure 54 

Part Label 

Number 

Part Name 

1 USRP B210 Software Defined Radio Transmitter 

2 

Custom .141 Semi-Rigid Coaxial Cable (SMA-M to N-M approx. length 

0.1m) 

3 HP 8495B 10 dB Step Attenuator (N-F) 

4 N-M to N-M Coaxial Adapter 

5 HP 8494B 1 dB Step Attenuator (N-F) 

6 United Microwave Microflex 150 Coaxial Cable, 18 inches. 

7 Narda 424410 Directional Coupler (4-8 GHz) 

8 

Right Angle Adapter (SMA-M-F) 

 

9 MC VAT-3+ Coaxial Fixed Attenuator 

10 United Microwave Products Microflex 150 Coaxial Cable to DSRC , 24 
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inches. 

11 United Microwave Products Microflex 150 Coaxial Cable, 12 inches 

12 HP 8495B 10 dB Step Attenuator (sma-f) 

13 United Microwave Microflex 150 Coaxial Cable , 24 inches. 

14 MC VAM -3W2 Coaxial Fixed Attenuator (substitute as required) 

15 MC VAT-6+ Coaxial Fixed Attenuator (substitute as required) 

16 United Microwave Microflex 150 CoaxialCable from DSRC, 72 inches  

Note: Components tested as an assembly using R&S ZVL-13 Vector Network Analyzer 

calibrated with ZV-Z132 calibration kit. 

 

Figure 55 Wi-Fi interference signal recording diagram for 20 & 40 MHz 

 

Figure 56 Parts labels for USRP and DSRC Tx/Rx connections for Wi-Fi measurements 
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Table XII  Part names from Figure 56 

Part Label 

Number 

Part Name 

1 USRP B210 Software Defined Radio Transmitter 

2 United Microwave Microflex 165 Coaxial Cable, 24 inches 

3 HP 8495B 10 dB Step Attenuator (N-F) 

4 N-M to N-M Coaxial Adapter 

5 HP 8494B 1 dB Step Attenuator (N-F) 

6 United Microwave Microflex 150 Coaxial Cable, 18 inches 

7 Narda 424410 Directional Coupler (4-8 GHz) 

8 Right Angle Adapter (SMA-M-F) 

9 MC VAT-3+ Coaxial Fixed Attenuator 

10 

United Microwave Products Microflex 150 Coaxial Cable to DSRC, 72 

inches 

11 United Microwave Products Microflex 150 Coaxial Cable, 12 inches 

12 HP 8495B 10 dB Step Attenuator (SMA-F) 

13 United Microwave Microflex 150 Coaxial Cable, 24 inches. 

14 MC VAM -3W2 Coaxial Fixed Attenuator (substitute as required) 

15 MC VAT-6+ Coaxial Fixed Attenuator (substitute as required) 

16 MC VAM -3W2 Coaxial Fixed Attenuator (substitute as required) 

17 

Times Microwave LMR-200 Coaxial Cable from DSRC Tx to fixed 

attenuators, 24 inches 
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Note: Components tested as an assembly using R&S ZVL-13 Vector Network Analyzer 

calibrated with ZV-Z132 calibration kit. 

 

 

Figure 57 Waterfall plot of recorded LTE signal 

 

 

Figure 58 Instantaneous recorded LTE signal 
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Figure 59 Waterfall plot of 20 MHz Wi -Fi signal (lower and upper end) 

 

 

Figure 60 Instantaneous 20 MHz Wi-Fi signal 
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Figure 61 Waterfall plot of 40 MHz Wi -Fi signal (lower and upper end) 

 

Figure 62 Instantaneous 40 MHz Wi-Fi signal (lower and upper end) 
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5.4 Results 

Since the number of transmitted packet is 6000, we plot the PER value as <10
-4

 when no 

packets are dropped at the receiver. We conduct each scenario one time, 6000 packet 

transmissions; therefore, there is a possibility of capturing higher PER than our results if 

more packets transmitted. 

 

5.4.1 LTE/C-V2X Interference Scenario Results 

We analyze LTE and C-V2X coexisting in adjacent channel with DSRC. The PER is around 

0.5 for D2 of 25 m; however, the PER is around 0.1 for all other D2 distances. The PER is 

almost zero for all scenarios except for the D1 of 50 m and D2 of 25 m. This scenario has the 

strongest effect of the interference, which is reflected by the results. The PER value of 

1.5*10 -̂3 is low and has little effect on the service. Therefore, we conclude that LTE 

adjacent channel signal has significant impact on DSRC for short distances and less for 

further distances, and C-V2X adjacent channel signal has almost no effect on the DSRC 

performance and both can coexist in adjacent channels. 
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Figure 63 PER of DSRC for different LTE BS-DSRC Distances 
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Figure 64 PER of DSRC with C-V2X 

 

5.4.2 20 MHz Wi-Fi Interference Scenario Results 

When Wi-Fi is operating in channels of DSRC transmissions, the PER of Figure 65 is 

obtained. We observe low PERs for all scenarios except for Wi-Fi distances of 25 m. For Wi-

Fi distances between 50 and 100 m, we observe PER in the range between 1.65e
-4

 and 6.57e
-4

, 

which represents packet losses of 1-4 packets out of 6000 transmission. When comparing this 

with the C-V2X results, we conclude that Wi-Fi is a worse channel neighbor than C-V2X. 

However, even though the Wi-Fi distance of 25 m leads to non-negligible PER, the 

performance of DSRC will not be critically affected. Therefore, we conclude that 20 MHz 

Wi-Fi adjacent channel signals will affect DSRC performance only when the Wi-Fi AP is 

within 25 m of the DSRC receiver. Also, interestingly, we observe that the PER is less 

affected by the path loss changes on the D1 link than on D2. From this observation we 
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conclude that the effect of changes in the out-of-band emission of Wi-Fi is more harmful than 

the effect of path loss changes of DSRC. 

  

Figure 65 PER of DSRC with 20 MHz Wi-Fi adjacent channel transmissions 

 

5.4.3 40 MHz Wi-Fi Interference Scenario Results 

Figure 66 illustrates the PER of DSRC with a 40 MHz adjacent channel Wi-Fi system. 

Interestingly, we find a lower PER for all scenarios when compared to the 20 MHz Wi-Fi 

case. The highest PER occurs at D1 of 50 m and D2 of 25 m; however, the two lost packets 

out of 6000 transmitted can be considered a negligible performance degradation of DSRC. 

Therefore, we conclude that 40 MHz Wi-Fi adjacent channel signal will not affect DSRC 

performance. Also, we find as before that the effect of DSRC path loss changes is less severe 

than changes in the Wi-Fi out-of-band emission. 
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Figure 66 PER of DSRC with 40 MHz Wi-Fi adjacent channel transmissions 

 

5.5 Conclusions for Adjacent channel interference measurements 

We conducted the measurements to evaluate the effect of adjacent channel interference, the 

sources as Wi-Fi, roughly adjusted C-V2X, and LTE, to the performance of DSRC. The setup 

was DSRC at Channel 172, Wi-Fi at Channel 169 for 20 MHz bandwidth and at Channel 167 

for 40 MHz, and LTE/C-V2X at Channel 174 with almost 100% spectrum capacity. From the 

measurements, we observed higher PER values for D1 of 50 m and D2, Wi-Fi scenario, of 25 

m; however, we concluded as not much critically affect the DSRC performance. Also, we 

concluded C-V2X adjacent interference does not critically affect the DSRC performance as 

well as 20 and 40 MHz Wi-Fi adjacent interferences. However, LTE adjacent interference 

has significant effect to DSRC performance with shorter distances and decreases as the 

distance increases. 
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From the measurements, we conclude adjacent channel coexistence between DSRC, C-V2X, 

and Wi-Fi can be deployable for 5.9 GHz spectrum band. However, the real environment 

testing is required to make a solid conclusion for adjacent channel coexistence. 
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Chapter 6: 

Summary 

6.1 Summary of V2T Communications 

We presented a V2T early warning application architecture with requirements. For the 

feasibility study, we conducted propagation channel measurements and DSRC performance 

measurements at railroad crossings in open spaces, artificial shadowed environments, rural, 

and suburban environments. From the analysis of the results, we concluded that DSRC 

protocol can be adapted to the early warning application architecture and feasibility analyses 

provide guidance for implementation of V2T warning systems.  Contribution 1 also benefits 

researchers by presenting methodologies for measurements of V2T radio channels and V2T 

warning system radio link performance. The higher level of architecture of V2T is 

combinations of V2V and V2I, but in more detail, we presented numeric regions, distances, 

and the notification time based on the speed of vehicles or trains. From the conducted 

propagation channel and DSRC performance measurements, we used estimation methods to 

generate linear regression models. From the models and comparison between existing works, 

we observed more physical experiments are required, but collected Ricean K factor under 

V2T communications are similar to V2V model. Estimation methods evaluation benefits 

researchers by presenting mathematical approaches and methodology for vehicular 

communication modelling and will benefit system designers and operators by presenting 

measured and calculated models for use in simulation and field trials. 
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6.2 Summary of ITS Band Regulatory Study 

The 5.9 GHz band has been sought after by several stakeholders, including traditional mobile 

operators, DSRC proponents, and C-V2X proponents. FCC and NHTSA are responsible for 

regulations related to vehicular communications, and have not finalized the rules regarding 

this band. We provided possible regulatory scenarios that could result from rule-making by 

these agencies, and identified relevant technical challenges for these scenarios. We identified 

interoperability between DSRC and C-V2X as the most challenging of the potential new 

technical requirements. The study provides information that can support regulatory decision-

making and spectrum-sharing system deployments by presenting the issues and possible 

solutions. 

 

6.3 Summary of Adjacent Channel Interference Measurements 

Based on the technical survey and technical challenges, we observed that more study related 

to coexistence between DSRC and C-V2X is needed. Therefore, we conducted adjacent 

channel interference measurements with Wi-Fi, LTE, and modified C-V2X as the 

interference sources. From the results, we concluded DSRC can coexist with adjacent 

channels of Wi-Fi, LTE, and C-V2X, although additional measurements that include fading will 

help to confirm this. The study supports regulatory decision-making by a summary and 

analysis of relevant research, and by providing an assessment of interference between 

wireless technologies that are candidates for co-existing deployments in ITS bands.  
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6.4 List of All Publications 

Table XIII  List of papers related to contributions 

Contributions Title of Papers Status 

V2T 

Communications 

Measurement and Configuration of DSRC 

Radios for Vehicle-to-Train (V2T) Safety-

Critical Communications 

IEEE Wireless 

Communications Letters 

(Published) 

7 conference papers Published 

 

6.4.1 Published Journal Papers 

1. J. Choi et al., "Measurement and Configuration of DSRC Radios for Vehicle-to-Railroad 

(V2R) Safety-Critical Communications," IEEE Wireless Communications Letters, vol. 7, 

no. 3, pp. 428-431. 

2. S. Kim, J. Choi, and C. Dietrich, "PSUN: An OFDM-pulsed radar coexistence technique 

with application to 3.5 GHz LTE," Mobile Information Systems, 2016. 

 

6.4.2 Published Conference Papers 

3. J. Choi et al., Measurements and Analysis of DSRC for V2TSafety-Critical 

Communications,  2018 IEEE Connected and Automated Vehicles Symposium (IEEE 

CAVS 2018) 

4. J. Choi et al., Measurement and Configuration of DSRC Radios for Vehicle-to-

Railroad (V2R) Safety-Critical Communications, 2018 IEEE International Conference 

on Communications (ICC), Kansas City, MO, 2018. 
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5. X. Ma, S. Guha, J. Choi, C. R. Anderson, R. Nealy, J. Withers, J. H. Reed, C. Dietrich, 

"Analysis of directional antenna for railroad crossing safety applications," 2017 14th 

IEEE Annual Consumer Communications & Networking Conference (CCNC), Las 

Vegas, NV, 2017, pp. 1-6. 

6. X. Ma, S. Guha, J. Choi, C. R. Anderson, R. Nealy, J. Withers, J. H. Reed, C. Dietrich, 

"Prototypes of using directional antenna for railroad crossing safety applications," 2017 

14th IEEE Annual Consumer Communications & Networking Conference (CCNC), Las 

Vegas, NV, 2017, pp. 594-596. 

7. S. Kim, J. Choi and C. B. Dietrich, "Coexistence between OFDM and pulsed radars in 

the 3.5 GHz Band with imperfect sensing," 2016 IEEE Wireless Communications and 

Networking Conference Workshops (WCNCW), Doha, 2016, pp. 437-442. 

8. J. Choi, S. Guha, X. Ma, C.B. Dietrich, PHY and MAC Layer Simulator for 

Dedicated Short Range Communication (DSRC) Vehicular Communications, 25th 

Anniversary Wireless Symposium (Wireless@VT), May 2015. 

9. X. Ma, J. Choi, S. Guha, C. Anderson, C.B. Dietrich, DSRC Feasibility Study for 

Railroad Grade Crossing Safety Improvement - A Measurement Plan,  25th 

Anniversary Wireless Symposium (Wireless@VT), May 2015. 

10. J. Choi, S. Guha, C.B. Dietrich, "A Simulink-Based Model and Analysis of the PHY 

Layer in Vehicular Communications," SDR / WInnComm 2015, San Diego, CA, March 

24-26, 2015. 

11. J. Choi, S. Guha, F. M. Romano, R. Galeshi, T. Smith-Jackson and C. B. Dietrich, 

"Exploration of efficient testing methodology for effective spectrum sharing," 2014 
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USNC-URSI Radio Science Meeting (Joint with AP-S Symposium), Memphis, TN, 2014, 

pp. 297-297. 

12. J. Choi, S. Guha, F.M. Romano, T.L. Smith-Jackson, C.B. Dietrich, "A flexible and 

extensible cognitive radio test system (CRTS)," SDR / WInnComm 2014, Schaumburg, 

IL, March 11-13, 2014. 
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Appendix A: TTCI Channel Sounder Results 

A.1 RTT Channel Measurement Results 

Table XIV  Summary of Horn RTT Delay and Doppler Spread Measurements 

 

 

Figure 67 Horn RTT Delay Spread Visualization in Google Earth 
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Figure 68 Horn RTT Doppler Spread Visualization in Google Earth 
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Table XV Summary of Discone RTT Delay and Doppler Spread Measurements 

 

 

Figure 69 Discone RTT Delay Spread Visualization in Google Earth 
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Figure 70 Discone RTT Doppler Spread Visualization in Google Earth 
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A.2 PTT Channel Measurement Results 

Table XVI  Summary of Horn PTT Delay and Doppler Spread Measurements 

 

 

Figure 71 Horn PTT Delay Spread Visualization in Google Earth 
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Figure 72 Horn PTT Doppler Spread Visualization in Google Earth 
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Table XVII  Summary of Discone PTT Delay and Doppler Spread Measurements 

 

 

Figure 73 Discone PTT Delay Spread Visualization in Google Earth 
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Figure 74 Discone PTT Doppler Spread Visualization in Google Earth 
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A.3 RTT Channel Modelling Results 

The calculated path loss exponents fall in the expected range between 2 and 3. These results 

are expected because the system was operating in an environment with few obstructions. The 

higher path loss exponents seen by the Discone antenna suggest that the system was operating 

in a more obstructed environment. The Discone antennaôs path loss exponents do decrease as 

the antenna height is raised because the stronger line of sight component. These path loss 

models are also a based on an estimated receiver location since the GPS location of the 

receiver was not recorded. Consequently, the plots could show up to 164 ft of error due to the 

train speed and the estimated locations. While the error could some effect on path loss 

exponent, it does not affect Ricean channel model parameter, K. 

 

Table XVIII  RTT Path Loss Model Summary 
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Figure 75 Path loss model for the horn antenna at a height of 6ft 

 

Figure 76 Path loss model for the horn antenna at a height of 25ft 
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Figure 77 Path loss model for the horn antenna at a height of 32ft 

 

Figure 78 Path loss model for the discone antenna at a height of 6ft 
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Figure 79 Path loss model for the discone antenna at a height of 25ft 

 

Figure 80Path loss model for the discone antenna at a height of 32ft 
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A.4 PTT Channel Modelling Results  

The calculated path loss exponents fall in the expected range of between 2 and 3, this time 

falling closer to 3. These results are expected because the system was operating under a more 

cluttered, urban-like environment. These path loss models are also based on an estimated 

receiver location, since the GPS location of the receiver was not recorded. Consequently, the 

plots could show up to 164 ft of error, due to the speed of the train and the estimated GPS 

location. The path loss models show that the path loss increases as the transmitter and 

receiver distance gets shorter. The increase occurs because the obstructions were placed only 

around the receiver, otherwise the transmitter was operating in an environment that was 

closer to free space but still had more obstructions than the RTT test site. 

 

Table XIX  PTT Path loss model summary 
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Figure 81 Path loss model for the horn antenna at 6ft 

 

 

Figure 82 Path loss model for the horn antenna at 20ft 
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Figure 83 Path loss model for the horn antenna at 40ft 

 

  

Figure 84 Path loss model for the discone antenna at 6ft 
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Figure 85 Path loss model for the discone antenna at 20ft 

 

  

Figure 86 Path loss model for the discone antenna at 40ft 
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A.5 Small Scale Fading Model Results 

Ricean models were chosen because the propagation environment did not show the severe 

fading effects where different K values were needed for different distances away from the 

receiver as suggested in literature. Instead the K values were generally consistent and were 

taken as an average for each speed of the conducted tests. The K values are generally 

consistent across the entire track that is made evident by the lack of change in color across 

the plots. The K-factors suggest that there is a line of sight component that is present which is 

expected because the RTT test site had minimal obstructions. 

 

Table XX Average Ricean K-Factors (dB) 

  

 

Figure 87 Google Earth plot of K values in dB 
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Appendix B: TTCI RSU PER Results 

 

Figure 88 RTT RSU Omnidirectional Low Power 200m from crossing 

 

 

Figure 89 RTT RSU Omnidirectional High Power 200m from crossing 

 




















