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ABSTRACT 

Intelligent Transportation System (ITS) is the integration of advanced communication 

technologies into the transportation infrastructure and in vehicles. It is aimed to improve trans-

portation safety and to enhance traffic management. Vehicular networks and traffic monitoring 

are two important research topics in ITS.   

Dedicated Short-Range Communications (DSRC) is a wireless communication standard 

specially designed for vehicular networks. DSRC provides traffic safety operations in vehicle-to-

vehicle communications and vehicle-to-infrastructure communications with low communication 

latency and a long transmission rang of up to 1000 meters. Many possible applications are able 

to be implemented on DSRC. However, the insufficient capacity of a DSRC roadside unit limits 

the deployment of DSRC in cities. We propose a multi-radio DSRC scheme in this dissertation. 

Multi-radio technology can improve the safety characters of DSRC, and can increase DSRC 

bandwidth. Then we analyze and provide the antenna isolation requirement of multi-radio DSRC. 

The feasibility study in multi-radio DSRC will be discussed in this dissertation too. 

40 percent of crashes occurred in the states were intersection-related crashes [76]. It is 

imperative to monitor intersections. Video cameras are deployed at main intersections for area 

surveillance, traffic monitoring, traffic light control, ticket issuing, crime fighting, etc. However, 

the hardware deployment, data transmission, data storage, and real-time data processing of each 

video camera cost a lot of money. Traffic cameras are only deployed at a few main intersections 

in most cities. We propose a low cost low data-rate pyroelectric sensing system to monitor non-

camera-monitored intersections. A high dynamic signal conditioning circuit for pyroelectric sen-
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sor is implemented and tested to detect vehicles. We also propose and evaluate a hierarchical 

wireless mesh network structure for the pyroelectric sensing system. 
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CHAPTER 1 

1 INTRODUCTION 

 

According to the data of 2012, there were 253 million vehicles registered in the states, 

and this number increased more than 30 percent in the past 20 years [78]. With a huge number of 

vehicles running on road, traffic safety and transport efficiency become important problems in 

the modern society. Intelligent Transportation Systems (ITS) are applications aimed to improve 

transportation safety and to enhance traffic management. It integrates advanced communications 

technologies into the roadside infrastructure and vehicles. Vehicular networks and traffic moni-

toring are two important research topics in ITS. 

Vehicular network, the wireless communications between vehicles or between a vehicle 

and a roadside infrastructure, is an important network for traffic safety. Vehicular network can 

provide safety messages, traffic management, traveler information, and comfort applications. 

Safety messages could be public safety messages from the government, which can warn drivers 

in a certain dangerous area. Safety messages also include Cooperative collision avoidance mes-

sages between vehicles. They are sent among vehicles to notice a collision.  

DSRC (Dedicated Short-Range Communications) is a wireless communication standard 

specially designed for vehicular networks, which provides traffic safety operations in vehicle-to-

vehicle communications and vehicle-to-infrastructure communications. However, the insufficient 

capacity of a DSRC roadside unit limits the deployment of DSRC in cities. A multi-radio DSRC 

scheme is proposed. Multi-radio technology can improve the safety characters of DSRC, and can 
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increase DSRC bandwidth. Then we analyze and provide the antenna isolation requirement for 

multi-radio DSRC. The feasibility study in multi-radio DSRC will be discussed in this disserta-

tion too. 

Traffic monitoring and management is another important subject for Intelligent Transpor-

tation Systems. It can help collect traffic data, and to optimize current traffic systems. Video 

camera is the most widely used technology for traffic monitoring. They are deployed at main in-

tersections for area surveillance, traffic monitoring, traffic light control, ticket issuing, crime 

fighting, etc. They provide the most detailed and direct information to users. However, video 

cameras generate a huge amount of video stream data, and video stream leads to high cost for 

data transmission, data storage, and real-time data processing. As a result, traffic cameras are on-

ly deployed at a few main intersections in most cities. It is impossible to install surveillance 

cameras for all intersections because of the cost. 

To monitor all non-camera-monitored intersections, we propose a low data-rate, low-cost 

passive infrared (PIR) sensing system to detect vehicles. Pyroelectric detector senses the slightest 

variations in infrared radiation contrasts against the background, resulting from any moving ob-

ject or body in the field of view. The sensing signal is converted to a low data-rate binary stream, 

and a few sensors collaborate together with space coding to track a vehicle. The sensing network 

can monitor all non-camera-monitored intersections. This network will provide accurate traffic 

information with low cost hardware and low data-rate communications. 

1.1 Vehicular Network and Multi-Radio DSRC 

Vehicular network is a mobile network constructed by moving cars and roadside units. In 

vehicular networks, there are three types of communication systems: Inter-vehicular communica-

tion systems (IVC), roadside-to-vehicle communication (RVC) systems, and hybrid vehicular 
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communication (HVC) systems [1]. Nowadays vehicular network is an important part of the In-

telligent Transportation Systems.  They contribute to transport safety and traffic efficiency by 

exchanging information between vehicles and roadside base stations. In addition to safety appli-

cations, other vehicular networks services include traffic monitoring and management, traveler 

information, and comfort applications.  

1.1.1 Time Critical Applications and DSRC 

Vehicular networks are mainly proposed to provide transportation safety services and ap-

plications through a fast and reliable communication system. They contribute to the safety and 

the efficiency of road networks by exchanging safety messages. Safety messages can extend the 

road visibility by disseminating safety information to prevent accidents. They become the most 

important concern in vehicular networks. Usually, safety messages are time critical, which re-

quire real time communications and reliable transmissions. 

The IEEE 802.11p based Dedicated Short Range Communications (DSRC), one of IEEE 

802.11 standards, comprised of similar technologies but more suitable to the high mobility ve-

hicular communication environment. DSRC is specifically designed for Intelligent Transporta-

tion Systems. It is similar with IEEE 802.11a in frequency band, modulation, and the MAC lay-

er. The Federal Communications Commission (FCC) issued 75MHz spectrum in 5.9GHz fre-

quency band for DSRC. DSRC has six channels. The maximum DSRC transmit power level is 

33dBm for vehicles and 44.8dBm for roadside units. DSRC adopted the channel switching 

scheme, a roaming procedure with no scanning, authentication or association, for safety messag-

es broadcasting. It can satisfy the response time requirement of time critical safety applications. 
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1.1.2 Multi-Radio DSRC 

The channel switching scheme of DSRC makes the system much more complex. It also 

brings latency and handover issue, throughput and bandwidth usage Issue, and CSMA collision 

issue to vehicular communications. Multi-radio technology can solve these problems. With mul-

ti-radio technology, DSRC deploys two or more radios to an On-Board Unit (OBU) or to a 

Roadside Unit (RSU). These radios work independently. Emergency message can be transmitted 

faster without the limitation of the channel switching. 

The main challenge of Multi-radio DSRC also is mutual coupling issue of the co-existing 

radios. We will analyze the mutual coupling issue with Adjacent Channel Rejection and Modula-

tion Power Spectrum Density. There are several general ways to decoupling antennas. Increasing 

distance of antennas, shield antennas, directional antennas, adding coupler network, using special 

designed antennas, and increasing channel intervals. We will analyze these methods for solving 

the mutual coupling issue, and will study feasibility of multi-radio DSRC 

1.2 Low Data-Rate Traffic Sensing at Non-Camera-Monitored Intersections 

In order to improve the traffic system safety and efficiency, road monitoring and traffic 

management are constructed in many cities. Video camera is the most widely used technology 

for traffic monitoring. It provides the most detailed and direct information to users. Video cam-

eras are very popular for intersection traffic monitoring. They are deployed at main intersections 

for area surveillance, traffic monitoring, traffic light control, ticket issuing, crime fighting, etc. 

Video cameras are very important for city traffic surveillance and security. The main advantage 

of video camera is the capability to provide plentiful video information. A lot of information can 
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be retrieved from the video stream, such as vehicle speed, vehicle color, multiple vehicle detec-

tion, accident evidence.  

Video stream leads to high cost for data transmission, data storage, and real-time data 

processing. As a result, traffic cameras are only deployed at a few main intersections in most cit-

ies. It is impossible to install surveillance cameras at all intersections because of the cost. Low 

visibility environments also bring problems for video traffic monitoring, such as night, raining, 

and snow [53]. Moreover, privacy issue is always a big concern for video camera traffic monitor-

ing. 

At the same time, according to the government report, 40 percent of crashes occurred in 

the states were intersection-related crashes [76]. It is imperative to monitor more intersections. 

More traffic monitoring at intersections can reduce the traffic violation and vehicle crashes. 

Meanwhile, after an accident, the traffic monitoring system can immediately send an event mes-

sage for rescuing. The event message will reduce rescuing time, and potentially save more peo-

ple’s lives.  

To monitor all non-camera-monitored intersections, we proposed a low cost low data-rate 

infrared monitoring system to monitor vehicles at intersections. Pyroelectric detector senses the 

slightest variations in infrared radiation contrasts against the background, resulting from any 

moving object or body in the field of view. It is a good candidate for road monitoring and vehicle 

detection.  

1.2.1 Traffic Sensing System Design 

Normally, PIR (Passive Infra-Red) sensors are utilized for indoor human tracking or in-

truder detection. The main challenges of vehicle sensing with PIR sensor are high dynamic gain 

range and outdoor background noise. A high dynamic signal conditioning circuit is required for 
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pyroelectric sensor to detect vehicles. In this dissertation, we will design a high dynamic, low 

noise signal conditioning circuit for vehicle detection. 

Another research problem is the sensing system architecture. Our proposed sensor net-

work is formed with sensor clusters. Four sensor nodes are deployed at each intersection as a 

cluster. The four nodes in a cluster connect by ZigBee, and one of the four nodes in this cluster is 

a master node. The master node can communicate with neighbor master nodes with long range 

ZigBee or WIFI [5]. After processed in a master node, the collected data will be sent to the data 

center relying on other master nodes or traffic infrastructures as traffic cameras. The hierarchical 

network architecture and routing protocol will be discussed in the dissertation too. 

1.2.2 Inherent Limitations of PIR Sensing 

Video cameras suffer problems in low visibility environments, such as night, raining, and 

snow. This is the limitation of its working mode, and there is no way to solve it. Similarly, there 

are still some factors which can impact PIR sensor signal, for example, abnormal vehicle tem-

perature and bad weather.  

Unheated vehicle 

Pyroelectric detector senses the variations of infrared radiation contrasts against the 

background. Normally, a running vehicle’s temperature is higher than surrounding objects, and 

its infrared radiation is much different with the background. PIR sender can detect moving vehi-

cles through the change of infrared radiation. However, if a vehicle doesn’t warm up, the infrared 

radiation won’t be quite different from the surrounding environment. As a result, the signals de-

tected by a PIR sensor will be low, which could be ignored as noises. If an unheated vehicle 

comes along with another vehicle at an intersection, it is hard to be detected. 

Bad weather 
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As we know, video cameras may not work well in bad weather. Rain, fog, and snow im-

pact photos and videos captured by traffic cameras. Meanwhile, bad weather also impacts infra-

red sensor detection. PIR sensors detect infrared wave in a range of 5~14 um [38]. A study 

shows fog also impacts the detection range of infrared sensors [80]. When the visual rang by na-

ked eyes is less than 300 meters in fog, the infrared sensor detection range is almost the same as 

naked eyes [80]. If the fog is not as heavy as that, infrared sensor is better than naked eyes [80]. 

Meanwhile, rain also significantly reduces detection range due to atmospheric scattering and ob-

scuration [80]. Generally, wind won’t impact signal level detected. However, detecting vehicles 

by PIR sensors in windy days is still a challenge, because the noise level of the detected wave-

form is higher in wind.  

Even though there are abnormal vehicle condition challenges and bad weather challenges, 

using PIR sensors is still a good scheme for non-camera-monitored intersections. This low cost, 

low power consumption, and low data rate system can track vehicles at an intersection. It is a 

good candidate and a low cost option for non-camera-monitored intersection traffic monitoring. 

1.3 Organization 

The dissertation will be organized as follows. Chapter 2 gives brief overviews of vehicu-

lar networks and its time critical safety applications, and introduces advantages and challenges of 

multi-radio DSRC. The feasibility study of multi-radio DSRC will also be discussed. Chapter 3 

designs a high dynamic signal conditioning circuit for PIR sensor to detect vehicles. The perfor-

mance evaluation is also accomplished. Chapter 4 discusses the PIR sensing network system de-

sign, and the data flow. The tracking algorithm analysis is also studied in this chapter. Chapter 5 

introduces the hierarchical network design for the sensing system, and evaluates AODV routing 

protocol for this network.  
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CHAPTER 2 

2 FEASIBILITY STUDY OF MULTI-RADIO VEHICULAR COMMUNICATION 

 

In the past decade, academic and industrial researchers paid a lot of attentions on vehicu-

lar networks.  A large amount of vehicular network applications and services were proposed. 

Many vehicular network applications contribute to the safety and the efficiency of road networks 

by exchanging safety messages. Most safety applications are time-critical applications. DSRC 

(Dedicated Short Range Communications) adopted a channel switching scheme for safety mes-

sages broadcasting. It can satisfy response requirement of time critical safety applications. In the 

States, Federal Communication Commission (FCC) licensed 75 MHz bandwidth in the 

5.850~5.925 GHz band for DSRC in Intelligent Transportation Systems (ITS). 

However, the channel switching scheme makes the system much more complex. The 

channel switching scheme also brings latency and handover issue, throughput and bandwidth us-

age Issue, and CSMA collision issue to vehicular communications. Multi-radio technology can 

solve these problems. With multi-radio technology, DSRC deploys two or more radios to an On-

Board Unit (OBU) or a Roadside Unit (RSU). These radios work independently. Emergency 

message can be transmitted faster without the limitation of the channel switching.  

Multi-radio DSRC also has mutual coupling issue of the co-existing radios. We analyze 

the mutual coupling issue with Adjacent Channel Rejection and Modulation Power Spectrum 

Density. We also analyze several methods to solve the mutual coupling issue, and study feasibil-

ity of multi-radio DSRC. 
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The rest of this chapter is organized as follows. Section 2.1 introduces vehicular commu-

nications systems and applications. Section 2.2 describes DSRC and its issues, and introduces 

multi-radio technology for DSRC. Section 2.3 discusses the mutual coupling challenge of multi-

radio DSRC. Section 2.3 studies the feasibility of multi-radio DSRC. We provide a conclusion in 

section 2.5.  

2.1 Vehicular Communication Systems and Applications 

Vehicular network is a mobile network constructed by moving cars as nodes and roadside 

units. Nowadays vehicular networks are envisioned to be a significant part of the Intelligent 

Transportation Systems (ITS).  They contribute to the safety and the efficiency of road networks 

by exchanging information between vehicles and roadside base stations. In addition to safety ap-

plications, other vehicular networks services include traffic monitoring and management, traveler 

information, and comfort applications.  

Roadside-to-vehicle 

communication(RVC)

Hybrid-vehicular 

Communication 

(HVC)

Inter-vehicular 

communication(IVC)

 

Fig. 2.1 Vehicular communication systems 
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2.1.1 Vehicular Communication Systems 

In vehicular networks, there are three types of communication systems: Inter-vehicular 

communication systems (IVC), roadside-to-vehicle communication (RVC) systems, and hybrid 

vehicular communication (HVC) systems [1]. Fig. 2.1 describes the classification of the commu-

nication systems [1].  

Inter-Vehicular Communication Systems 

Inter-Vehicular Communication systems (IVC) are also known as Vehicle-to-Vehicle 

(V2V) systems, which only share information among vehicles (equipped with onboard units 

[OBUs]) and completely infrastructure free [1]. Vehicular Ad Hoc Network (VANET) is an ex-

ample of IVC systems. Inter-Vehicular communications can be distinguished by single-hop 

communications and multi-hop communications according to whether the information is relayed 

or not [1]. Single-hop communications are useful for applications requiring short-range commu-

nications such as lane change warning, automatic cruise control, and stop sign movement [1]. 

Multi-hop communication systems are more complex than Single-hop communications, but Mul-

ti-hop communication systems can also support applications that require long-range communica-

tions (e.g., cooperative collision avoidance, traffic signal violation, and curve moving warning) 

[1]. In a single-hop communication system, a message can only be sent to cars within its trans-

mission range, while in a multi-hop communication system, messages can be relayed to vehicles 

far away. 

Roadside-to-Vehicle Communication Systems 

Roadside-to-Vehicle Communication Systems (RVC), also known as Vehicle-to-

Infrastructure Systems (V2I), assume that all communications take place between roadside infra-

structure (including roadside units [RSUs]) and vehicles (equipped on board units [OBUs]) [1]. 
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The requirements of infrastructure are different in diverse scenarios. In rural environment, large 

coverage is the main concern while in urban area the capability to process messages from many 

vehicles at the same time is critical. Meanwhile, in freeway scenarios infrastructures must be 

able to communicate with vehicles moving fast. 

Hybrid Vehicular Communication Systems 

Hybrid Vehicular Communication Systems (HVC) consist of IVC and RVC. HVC sys-

tems are proposed to improve the reliability of IVC systems and to extend the communication 

range of RVC systems. In HVC systems, when vehicles are not in the coverage area of roadside 

infrastructure they communicate with other vehicles nearby which can relay information to road-

side infrastructure [1]. The main advantage of an HVC system is that it does not need so many 

roadside infrastructures as RVC system does. And RVC systems also require larger transmission 

range [1]. However, network connectivity of HVC may not be guaranteed in scenarios with low 

vehicle density. 

2.1.2 Vehicular Communication Applications and Services 

Applications and services of vehicular networks can be categorized into four classes: 

safety messages, traffic management, traveler information, and comfort applications [2]. In order 

to analyze this wide range of vehicular applications, we list some of the most important applica-

tions of each category as in Fig. 2.2 [1] [3]. 
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Vehicular 
Network 

Applications

Traffic 
Management

Safety 
Messages

Traveler 
Information

Comfort 
Applications

Cooperative Collision Avoidance

Event Management

Emergency Recording

Traffic Monitoring

Platooning

Vehicle Tracking

Signal Scheduling

Destination Information

Parking Assistance

Routing Choosing
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Fig. 2.2 Vehicular networks applications [1][3] 

 

A. Safety messages 

Traffic accidents happen every day. As a result, road safety applications become the most 

important concern in vehicular networks. Safety messages can extend the road visibility by dis-

seminating safety information to predict prevent accidents [2]. We introduce three applications 

and services in this category: cooperative collision avoidance (either for intersection collision 

avoidance, rear-ends collision avoidance, or lateral collision warning), event management, and 

emergency recording [2]. Usually, applications in this category are time critical, which require 

real time and reliable communications.  

Cooperative collision avoidance: Cooperative collision avoidance includes intersection 

collision avoidance, rear-ends collision avoidance, and lateral collision warning [4][5]. The sys-
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tem monitors the distance between vehicles and warns the driver to avoid accidents or even au-

tomatically breaks the vehicle under a certain emergent situation when the distance becomes too 

short. This system can also send warning message after an accident happened, to warn other ve-

hicles nearby. 

Event management: Event management system is designed to actively detect dangerous 

events, and then warn the drivers or assistant avoiding accidents. In this group of services it is 

worth quoting traffic signal violation, curve speed warning, lane change assistance, left turn 

warning, and stop sign movement assistance.  

Emergency recording: Recording images or video when an accident happening will help 

police to handle the accident. It also can remind other drivers to drive safely. This application 

requires vehicles to be equipped with video cameras and have enough storage capabilities to 

buffer and forward the images and videos [2]. This service also requires Inter-vehicle communi-

cations [2]. 

 

B. Traffic management 

In addition to road safety applications, traffic management applications are also important 

issues in vehicular networks [2]. Traffic management focuses on improving the traffic flow and 

road usage, helping the government to manage traffic, providing convenience to emergence ve-

hicles. Traffic monitoring, platooning, vehicle tracking and signal scheduling are taken into ac-

count in this system. 

Traffic Monitoring: Traffic monitoring system provides real time and high-resolution 

localized timely traffic information [1]. The department of traffic can collect the information for 

further service, and drives can also access current traffic condition around its location and along 
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its routine [1]. 

Platooning: Platooning helps vehicles travel closely and safely following each other in 

an efficient way [1] [2]. It increases the capacity of existing highways [1]. In consequence, 

highway can be more efficiently used by more vehicles without causing traffic congestions [2]. 

Vehicle tracking: This service allows drivers to provide their own geometric information 

and other vehicle statistics to trusted friends and parties such as manufacturers, logistic compa-

nies and the department of traffic [2]. 

Signal Scheduling: This system is designed to relieve traffic congestion by scheduling 

traffic lights and signals. Currently, most traffic lights are scheduled by limited information, and 

some are even still statically scheduled. This system can provide additional information to im-

prove traffic efficiency.  

 

C. Traveler Information 

Traveler information is useful for travelers to visit an unfamiliar place by offering all 

kinds of destinations information, maps, etc. [1] 

Destination Information: This service provides the newest destination information [1], 

for example, local updated maps, the location of gas stations, parking areas, and schedules of lo-

cal restaurants, etc. Price of hotels and recently discount information may be sent to vehicles 

nearby. 

Parking Assistance: This service assists drivers to look for a good parking place by 

providing the map of available parking places. It can also help drivers choose a convenient place 

based on available parking places [2].  

Route Choosing: Normally, drivers choose route by GPS or online maps. Route choos-
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ing in vehicular networks take real-time traffic information into account, such as latest traffic 

speed, road working, and weather forecast. 

 

D. Comfort Applications 

Except for common multimedia capabilities, comfort applications for offering novel on-

board services have been recently proposed. Examples of these applications include: Internet ac-

cess, multiplayer games, instant messaging, peer-to-peer applications, etc. [2]. 

Internet connectivity: Internet access is a very useful entertainment service to relax 

drivers and passengers as it may embrace a total collection of applications from web browsing 

and email to media stream [1][6]. 

Multiplayer games: Using these services it is possible to play games within vehicles 

through RVC systems or among a limited group of vehicles managed in a distributed fashion via 

IVC systems [2]. These entertainments could be card games, fighting games, racing games, shar-

ing draws or instantaneous talks. 

Information sharing: This is a very useful entertainment capability as it may enable an 

entire array of applications from instant messaging and video chat to multi-party meeting and 

documents sharing. This kind of applications can embrace the management of activities over 

RVC systems for long distance vehicles, or within a small group of vehicles in a short range 

through IVC systems.  

Peer-to-peer applications: Peer-to-peer applications allow communications without 

contacting any application server between two vehicles travelling together, or transmit infor-

mation by roadside-vehicles communications for vehicles outside their communication range. 

For example, we can quote file transfer, documents exchanging, or multimedia sharing. 
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2.1.3 Requirement Analysis of Vehicular Networks 

Vehicular networks applications could be achieved through any one of these three com-

munication systems, Inter-Vehicular Communication Systems, Roadside-to-Vehicle Communi-

cation Systems and Hybrid Vehicular Communication Systems. As most applications of vehicu-

lar networks are time critical applications,  vehicular networks are required  to qualify some spe-

cial requisite attributions, such as enduring access, low delay, high mobility, and full coverage, 

to ensure fast and accurate messages transmission.  

A. Low Delay 

Communication delay is one of the most important criterions for evaluating the perfor-

mance of networks, as most applications have time constraints. That’s why real-time capabilities 

become a challenge in vehicular networks [2]. Low delay is required for quick reaction from 

drivers. However, low delay is difficult to be ensured in mobile networks, especially in vehicular 

networks [1] [2] [7]. 

B. Full Coverage 

Safety Services require ubiquitous network connectivity, for mobile users need be con-

nected to network anytime and anywhere [6]. As an infrastructure-based network, vehicular net-

works do not provide the same service over the entire terrestrial surface [2]. Although coverage 

is not a problem for urban environments, the deployment in rural locations might be poor. 

Equipped with an IVC system, a vehicle as part of the network “infrastructure” is always a send-

er of messages. From the point of view of application level, a permanent communication channel 

is necessary for services such as file transfer or video conference [2]. 

C. High Mobility 

Dissimilar with normal Wi-Fi networks in home and company, vehicular communica-
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tions requires high mobility performance while velocities of vehicles would be more than 100 

km/h. The connection time of vehicle to access point, also known as association time among ve-

hicles, could be less than one second. Researchers also consider the Doppler shift effect of wire-

less communication performance. 

 

Some other applications of vehicular networks, such as internet access, are not time criti-

cal applications. Time awareness, high mobility, full coverage or enduring access should not be a 

requisite for this kind of applications. However, they might have other requirements such as high 

transmission rate, detailed geometric information, and etc. 

2.2 DSRC Limitations and Multi-Radio Technology 

Vehicular networks are mainly proposed to provide safety services and applications 

through a fast and reliable communication system. The existing standards, IEEE 802.11 a/b/g/n, 

are not designed for time critical applications. An IEEE 802.11 device (station or STA) executes 

a handover procedure when it roams from one AP to another.  The procedure includes scanning, 

authentication, and association according to IEEE 802.11f Inter-Access Point Protocol (IAPP). 

The handover procedure could take several seconds. However, safety applications of vehicular 

networks require response time measured in milliseconds. IEEE 802.11p, also known as Dedi-

cated Short Range Communications (DSRC), is a MAC layer and physical layer standard for ve-

hicular networks. It is a wireless communication standard specially designed for vehicular net-

works, which provides traffic safety operations in vehicle-to-vehicle communications and vehi-

cle-to-infrastructure communications. A sync interval scheme was introduced in DSRC to satisfy 

the response requirement of time critical safety applications. 
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2.2.1 Existing DSRC Limitations 

If occupying unlicensed frequencies such as 2.4GHz and 5GHz bands of Wi-Fi, DSRC 

could suffer uncontrollable interference from hot spots and wireless mesh extensions. The Feder-

al Communication Commission (FCC) licensed 75 MHz bandwidth in the 5.850~5.925 GHz 

band for DSRC in Intelligent Transportation Systems (ITS) in the States. Seven channels with 10 

MHz bandwidth of each channel are supported in IEEE 802.11p, as well as 5MHz guard fre-

quency band. As shown in Fig. 2.3, one of DSRC channels is Control Channel (CCH) and other 

six channels are Service Channels (SCHs). 

CH178

CH180

CH172

CH174

CH176

CH182

CH184

CCH CCH CCH

ABCDEFG ABCDEFG ABCDEFG

CCH CCH SCHSCH CCH SCH

Sync Interval Sync Interval Sync Interval

 

Fig. 2.3 Channel utilize between one AP and several STAs 

CCH and SCHs are periodically synchronized via the Sync Interval. Both CCH interval 

and SCH interval are 50ms. CCH intervals are utilized to broadcast safety message and WAVE 

service advertisement (WSA) messages within a WAVE basic service set (WBSS), which are 

used to indicate available channels and services from this provider. SCH intervals are used by the 

onboard units (OBUs) and roadside units (RSUs) to deliver data for information exchange. Be-

fore roaming to one WBSS, a STA will get a WSA message in a CCH interval. According to the 
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WSA message, the STA switches its radio to the right SCH channel before the next SCH interval. 

Specifically, there is no scanning, authentication or association in this roaming procedure. The 

roaming time is only 50ms, an SCH interval time. 

The sync interval scheme brought DSRC fast roaming, and safety applications in vehicu-

lar networks become possible. However, the sync interval system makes DSRC complicated. 

DSRC devices have to synchronize intervals through GPS timer. The sync interval system also 

cause that DSRC cannot be compatible with normal WIFI networks. The sync interval system 

not only complicates the whole system, but also decreases transmission performance. All data 

frames are transmitted in SCH channels in DSRC system, which means only 46ms slot are used 

in each 100ms (4ms guard interval) [8]. This system will suffer more CSMA collisions, slower 

transmission rate, and less spectrum usage. 

 

A. Latency and Handover Issue 

To reduce the probe time, DSRC using CCH intervals to detect other DSRC networks, 

and there is no association step and authentication step in IEEE 802.11p. This scheme is proper 

very well for those short messages which can be sent in only one package. However, DSRC 

faced critical connection losing problem for applications with larger message or steam. In an 

IEEE 802.11 handover process, IEEE 802.11f Inter Access Point Protocol (IAPP) is designed to 

transfer files with proactive caching [9]. However, IEEE 802.11p is impossible to perform IAPP 

without association process.  

 

B. Throughput and bandwidth usage Issue 
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75 MHz is assigned for DSRC but only 10 MHz is used at any time. As shown in Fig. 2.3, 

only one seventh of the whole bandwidth is using for one AP, and only half of that time is used 

for data transmission. The bandwidth usage of AP is very low in DSRC. At the same time, the 

throughput is only 6 MHz to 27 MHz in DSRC. If the whole bandwidth can be used for each AP, 

it can provide better service for STAs connected to this AP. 

 

Fig. 2.4 An intersection scenario for DSRC  

 

C. CSMA Collision Issue 

Fig. 2.4 shows an OBU deployed in an intersection. In urban scenarios, one RSU should 

connect with a lot of vehicles at the same time, especially in an intersection. Fig. 2.5 is a snap-

shot from Google map. The figure came from the intersection of McFarland Blvd. and 15th St. of 

Tuscaloosa, Alabama, which is a small college town in the States. In a circle centered at this in-

tersection, if the radius is 100 meters, 116 cars on the road is covered in the circle, as well as 

about 60 cars parked in parking lots or other places. With the radius increased to 300 meters, the 

number of cars covered on road increased to about 200, and also covered about 800 parked cars. 

As we know, the transmission range of DSRC equipment is up to 1000 meters. Moreover, Tusca-

loosa is a small town in America. If one AP is deployed in an intersection of a huge city such as 

New York City, the AP must cover much more vehicles, especially in a peak time.  With thou-
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sands of cars covered, one DSRC AP can only provide 1 data channel in the standard. Only 48 

data subcarriers are supported in one channel.  As we know, the CSMA/CA back off is serious in 

this heavy communication situation, and it even can cause more than 30% throughput reduction 

[10]. 

 

Fig. 2.5 Intersection of McFarland Blvd and 15th St, Tuscaloosa, AL. (Google map) 

 

2.2.2 Multi-Radio Technology for DSRC Network 

Researchers proposed many methods to improve DSRC performance. The most common 

way is adoptive channel access time, which extends one SCH interval to more than one sync in-

tervals to transfer data [11][12]. This method can obtain longer SCH time. However, CCH is oc-

cupied by SCH and critical safety message cannot be sent to STAs and APs. This drawback lim-

its these methods only being applied in desolate area. Sen et al. [13] immigrated CSMA/CA to 

OFDM subcarriers in order to improve IEEE 802.11 performance. However, this method is sen-

sitive to signal quality, and it requires subcarrier detection, so this method is not fitting for harsh 
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vehicular network environments. Lin at al. [14] proposed a data aimed OFDM to achieve hando-

ver in DSRC, but this method could cut down the performance of fast roaming in DSRC, which 

is very important in vehicular networks. 

IEEE 1609.4 adapts adoptive channel access options to improve DSRC performance [15]. 

These options, which include continuous, alternating, immediate, and extended channel access, 

can slightly improve DSRC. However, these options make the system much more complex. 

Moreover, handoff time increases significantly with continuous and extended options. DSRC 

system with these problems will lose its advantages for vehicular networks. 

To solve the issues of DSRC, we proposed multi-radio DSRC. Multi-radio DSRC is go-

ing to deploy two or more radios to an On-Board Unit (OBU) or a Roadside Unit (RSU). These 

radios work independently. One radio of them will be employed as a control channel radio. All 

messages for CCH are transmitted and received in this radio. Other radios will act as service 

channel radios to transfer data. Handover can be implemented easily in the multi-radio DSRC 

system. Because all radios work continuously, the emergency message can be transmitted faster 

without the limitation of SCH and CCH intervals. At the same time, multi-radio could take ad-

vantage of more frequency bandwidth. At the area of DSRC communications congested and 

overcrowding, the usage of multi-radio system in DSRC can reduce most of collisions and in-

crease transmission rate. Without CCH and SCH intervals, multi-radio DSRC can be compatible 

with IEEE 802.11a/b/g. It is possible that a normal WIFI device works in a multi-radio DSRC 

network, and of course a DSRC radio working in a normal WIFI network will also be achievable. 

Multi-radio DSRC obviously has more advantages, and can improve DSRC performance signifi-

cantly.  
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There are still two issues required to be clarified in multi-radio DSRC systems. The first 

issue is the increased cost of hardware. It is apparent that multi-radio systems will cost more with 

two or more wireless radios. However, the cost will reduce quickly with the improvement of 

technologies. The other issue is the mutual coupling issue of co-existing antennas.  Antennas in a 

short range can cause adjacent channel interference [16]. Researchers worried about the co-

existence of multi-radio devices with single radio DSRC devices [17].The effect of mutual cou-

pling of co-exist antennas has been well known for many years [18].We will discuss the mutual 

coupling issue and related isolation methods. 

 

2.3 Mutual Coupling Challenges of Multi-Radio DSRC 

In 2007, researchers from Toyota and GM published a report for the VSC-A project. In 

this project, interference sources from close place disrupt transmission significantly, especially 

interference from adjacent channels [16]. Moreover, substantial packet errors could be caused by 

adjacent channel interference when transmission distance was 10 times or more than interference 

distance [16]. The results of this report showed that multi-radio in one vehicle was almost impos-

sible. Their experiments showed antenna coupling impacts on DSRC communications. Mean-

while some other researchers also worried about the co-existence mutual coupling of multi-radio 

devices with single radio DSRC devices [17]. Early experiments had shown the impacts on 

DSRC communications from antenna coupling. However, some recently developed chips have 

better RF performance, and new technologies can help reduce mutual coupling of neighbor an-

tennas. These technologies have already been used in many places.  
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2.3.1 Related Co-Existence Researches 

Typical examples are modern cellphones and tablets. Multi-radios, such as cell, GPS, 

WIFI, and Bluetooth are integrated in a small device. Especially, Bluetooth and WIFI have their 

working frequencies between 2400MHz and 2483MHz. Some cellphones also have two cell ra-

dios for GSM and CDMA, both of which work at same frequency bands at 869~894MHz 

(AT&T GSM850 and Verizon CDMA850) and 1930~1990MHz (AT&T and T-Mobile 

GSM1900, Verizon and Sprint CDMA1900) [34]. Actually, researchers have worked on the mu-

tual interferences issue among multiple radios in different ways. In [25], researchers try to reduce 

the co-existence impact by selectable front-end. In [32][33],  optimization algorithms such as 

adaptive carrier sensing are studied with the selectable front-end, in these schemes only one ra-

dio works each time even devices are equipped with multiple radios. Similarly, optimization al-

gorithms allow co-existence radios work more continuously, but still not work at the same time. 

As a result, they didn’t technically solve the mutual coupling problem, but use other methods and 

algorithms to avoid multi-radio working at the same time. Those methods cannot be utilized in 

multi-radio vehicular network where two radios are expected to active simultaneously.   

Mesh routers are also equipped with multiple radios. In most situations, wireless mesh 

networks only require two or three orthogonal channels working at the same time. As a result, 

mutual coupling is not a big concern in mesh routers where interference awareness and channel 

assignment work well.    

MIMO (multiple-input and multiple-output) technology is to use multiple antennas or 

multiple transceivers to improve communication performance.  MIMO technology includes three 

main types, spatial multiplexing, spatial diversity, and beamforming. Spatial multiplexing is a 

powerful technique for increasing channel capacity. In this case, a high rate signal is split into 
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multiple lower rate streams. These lower rate streams are transmitted in the same frequency 

channel but from different transmit antennas. In spatial diversity MIMO, the same stream is 

transmitted across all antennas, and takes advantage of multi-path to increase correctly decoding 

rate of the received signal, and thus decrease the bit error rate. MIMO beamforming using anten-

na array sends directional signal with a better signal quality and a longer transmission range. Dif-

ferent with multi-radio, antennas of a MIMO system collaborate as a single radio, but improve 

the communications performance. However, MIMO antennas also require higher isolation for 

independent and uncorrelated signaling to increase channel capacities [35]. After all, MIMO an-

tennas do not work independently. The requirement of MIMO antennas isolation is not as strict 

as the requirement of multi-radio antennas. As a result, the study conclusions of MIMO antenna 

decoupling cannot be used in our multi-radio system directly. However, studies focused on mu-

tual coupling of MIMO antennas were admirable for our research on multi-radio DSRC. 

It is obvious that multi-radio wireless devices are applied in many areas, but none of them 

is suitable for time critical applications. However, these studies of multi-radio systems provided 

important ideas and experiments for multi-radio DSRC networks, especially research on mutual 

coupling of MIMO antennas. In multi-radio DSRC networks, multiple radios in a unit can work 

independently, and the transmissions should be reliable enough for safety message and time crit-

ical applications. 

The main issue of applying multiple radios to DSRC is co-existence interference. Co-

existence interference not only happens in multi-radio DSRC system, but also in regular DSRC 

from adjacent vehicles [16].   As shown in Fig. 2.6, antenna A and B are carried by the same ve-

hicle, and antenna C and D are carried by an adjacent vehicle. When antenna A is receiving data, 
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it will be interfered by B if antenna B is transmitting. Of course antenna A could also be inter-

fered by antenna C from the other vehicle. 

A

B

C

D

Receiving 
signalInterference 

from B

Interference 
from C

 

Fig. 2.6 Co-existence interference 

 

The interference of co-existence radios can be reduced by increasing isolation of antennas. 

As shown in Fig. 2.6, if the isolations between antenna B, antenna C, and antenna A are good 

enough, they would not interrupt antenna receiving signal. In this chapter, we will analyze the 

requirement of the antenna isolation in multi-radio DSRC. To study the decoupling of antennas 

in DSRC, we need to evaluate DSRC spectrum and specifications. We will discuss the require-

ment of antennas isolation in two ways. First of all, we will consider distance of interference, 

receiver sensitivity, and adjacent channel rejections, and analyze the possibility of multi-radio in 

a DSRC system through these parameters. Secondly, we will discuss power spectrum density in 

the OFDM system, as well as the interference from the mutual coupling antenna. 
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2.3.2 Interference Analysis with Adjacent Channel Rejection 

The optional enhanced adjacent channel rejections and nonadjacent channel rejections 

were defined in the IEEE 802.11p standard. We can analyze the feasibility of multi-radio in a 

DSRC system according the standard and free-space path loss equation. The Free-space path loss 

(FSPL) is an essential parameter for optical and RF areas. It is the loss in power strength of an 

optical wave or an electromagnetic wave that results from a line-of-sight path in free space.  

According free-space path loss equation: 

FSPL =  (
4πd

λ
)

2

= (
4πdf

c
)

2

 

d is transmit distance in meters. λ is wave length in meters. f is frequency in hertz, and c 

is the speed of light in m/s. For typical radio applications, it is common to find f measured in 

units of MHz and d in meter, in which case the FSPL equation becomes 

FSPL(dB) = 20log10(d) + 20log10(f) − 27.55 

For DSRC at 5.9GHz, the equation becomes 

FSPL(dB) = 47.87 +  20log10(d) − (G1 + G1) 

G1 and G1 are the gains of antennas the transmitter and the receiver equipped. 

The main co-existence interference comes from the closest radio. As shown in Fig. 2.6, 

for multi-radio DSRC, the closest radio is the other radio on the vehicle. The distance to the re-

ceiver should be from 1 meter to 1.5 meters depending on the size of the vehicle.  For the regular 

DSRC, the interferer should be an OBU of an adjacent car, which could be as close as 4 meters.  

To analyze the relationship between the distance of transmitter to receiver and the dis-

tance of interferer to receiver, we proposed two scenarios. The first scenario is vehicle to vehicle 

(V2V) communications, and the other is vehicle to infrastructure (V2I) communications. In the 

http://en.wikipedia.org/wiki/Signal_strength
http://en.wikipedia.org/wiki/Electromagnetic_wave
http://en.wikipedia.org/wiki/Line-of-sight_propagation
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V2V scenario, each vehicle is equipped 2 radios, and each radio is loaded with a 6dBi antenna. 

In V2I antenna, the transmitter is a RSU, which equipped with a 16dBi high gain antenna. We 

suppose the distance of two antennas in one vehicle is 1 meter, and the distance of the adjacent 

two vehicles is 4 meters. 

Modulation Coding rate (R) 
Adjacent channel 

rejection(dB) 

Nonadjacent channel 

rejection(dB) 

BPSK 1/2 28 42 

BPSK 3/4 27 41 

QPSK 1/2 25 39 

QPSK 3/4 23 37 

16-QAM 1/2 20 34 

16-QAM 3/4 16 30 

64-QAM 2/3 12 26 

64-QAM 3/4 11 25 

Table 2.1 Optional enhanced receiver performance requirements [20] 

At the same time, our analysis is based on the optional enhanced adjacent channel rejec-

tions and nonadjacent channel rejections, which were defined in the IEEE 802.11p Medium Ac-

cess Control (MAC) and Physical Layer (PHY) standard. 

 

V2V communications 

We assume that each radio is equipped with a 6dBi antenna. According to the free-space 

path loss equation and the receiver performance requirements, we can calculate the maximum 

receiving distance as shown in Table. 2.2. 
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Interferer distance 1 meter 4 meters 

Interferer channel Adjacent Non-adjacent Adjacent Non-adjacent 

½ BPSK 25.12 125.9 100.5 503.6 

¾ BPSK 22.39 112.2 89.55 448.8 

½ QPSK 17.78 89.13 71.13 356.5 

¾ QPSK 14.13 70.79 56.50 283.2 

½ 16-QAM 10.00 50.12 40.00 200.5 

¾ 16-QAM 6.310 31.62 25.24 126.5 

2
3⁄   64-QAM 3.981 19.95 15.92 79.81 

¾ 64-QAM 3.548 17.78 14.19 71.13 

Table 2.2 Effective V2V receiving range under co-existence interference 

At the most fast transmission rate of DSRC, ¾ 64-QAM, the enhanced adjacent channel 

rejections are 11dB and nonadjacent channel rejections are 25dB. On the other hand, considering 

the distance of two antennas in one vehicle be 1 meter, the receiver can only receive other adja-

cent signals within 3.548m with 27Mbps, or nonadjacent signals within 17.78m with 27Mbps. 

While the distance of two antennas in two adjacent vehicles is 4 meter, the receiver can only re-

ceive other adjacent signals within 14.19m with 27Mbps, or nonadjacent signals within 71.13m 

with this full transmission rate. The result is almost unacceptable for vehicular networks. 

Adaptive OFDM is applied in IEEE 802.11 protocols. With adaptive OFDM, IEEE 

802.11 devices could reduce data rate to increase transmission range in bad environments. The 

slowest transmission rate of DSRC is 3Mbps at ½ BPSK. At this rate, the receiving range is 

25.12m of adjacent channel and 125.9m of nonadjacent channel with 1 meter away interference.  

The performance is bad for V2V communications, and 125.9m transmission range is almost un-
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acceptable. For regular DSRC with 4meter away interferer, the transmission range can reach 500 

meters. This range is acceptable for vehicular networks. 

 

V2I communications 

Previous study considered V2V communication that all transceivers had same parameters, 

and were equipped with same antennas. However, the power level of STA for government can be 

44.8dBm (30W) in the United States, while the limitation of non-government STA is 33dBm 

(2W) [20]. In this part, we will consider a V2I communication scenario. In this scenario, the 

transmitter is a government RSU, and the power level of the transmitter is 44.8dBm. We assume 

this RSU was equipped with a 16dBi high gain outdoor antenna. The OBU radios still worked at 

33dBm power level, and were equipped with 6dBi antennas. We can get the effective V2I receiv-

ing distance as Table. 2.3. 

Interferer distance 1 meter 4 meters 

Interferer channel Adjacent Non-adjacent Adjacent Non-adjacent 

½ BPSK 309.0 1549 1236 6195 

¾ BPSK 275.4 1380 1102 5521 

½ QPSK 218.7 1096 875.1 4386 

¾ QPSK 173.8 870.9 695.1 3484 

½ 16-QAM 123.0 616.6 492.1 2467 

¾ 16-QAM 77.63 389.0 310.5 1556 

2
3⁄   64-QAM 48.98 245.4 195.9 981.9 

¾ 64-QAM 43.65 218.7 174.6 875.1 

Table 2.3 Effective V2I receiving range under co-existence interference 
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As shown in Table. 2.3, with high transmission rate modulation ¾ 64-QAM, the receiv-

ing range was 43.65m under 1m apart adjacent channel interferer, and this range was 218.7m un-

der non-adjacent interference. The transmission range could be extended to 309m and 1549m 

with the lowest transmission rate. These transmission ranges satisfied with the requirements of 

vehicular networks. While the interference is 4m away as regular DSRC, the transmission range 

results were better. 

Through the analysis of interference rejection, we can find that multi-radio DSRC is fea-

sible in V2I communications without any other further work. For V2I communications, some 

studies are required to achieve longer transmission range. For example, we should not allow the 

2 radios on one car work at adjacent channels, or we can try some methods to reduce the impact 

of the interference in the same car. 

2.3.3 Interference Analysis with Power Spectrum Density 

In this part, we will analyze the transmission range of vehicular networks by another 

method. By this method, we will analyze SNR requirements of OFDM modulations and power 

spectrum density of OFDM, and will discuss antenna pair isolation through these parameters. 

There are also other analyses about OFDM modulation SNR that can be found from the internet, 

but none of them explained it clearly. In this part, we will clarify all the relationships between 

SNR, BER, Eb/N0, Es/N0, and coding rates. Our analysis was based on IEEE 802.11p, and inte-

grated with the study of power spectrum density. Through these studies, we got detailed results 

of the requirements of antenna pair isolation. 
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Modula-

tion 

Coding rate 

(R) 

Coded bits 

per subcar-

rier 

Coded bits 

per OFDM 

symbol 

Data bits 

per OFDM 

symbol 

Data rate 

(Mb/s) 

(10MHz 

channel) 

Data rate 

(Mb/s) 

(5MHz 

channel) 

BPSK 1/2 1 48 24 3 1.5 

BPSK 3/4 1 48 36 4.5 1.25 

QPSK 1/2 2 96 48 6 3 

QPSK 3/4 3 96 72 9 4.5 

16-QAM 1/2 4 192 96 12 6 

16-QAM 3/4 4 192 144 18 9 

64-QAM 2/3 6 288 192 24 12 

64-QAM 3/4 6 288 216 27 13.5 

Table 2.4 Modulation methods and data rates [19] 

Adaptive OFDM 

Adaptive modulation is used in IEEE 802.11 systems to improve the rate of transmission. 

The implementation of adaptive modulation is according to the channel conditions presents at the 

transmitter. The adaption algorithm specifies the modulation method and coding rate based on 

the estimated SNR. Then data source generates binary data according to the specified modulation 

and data rate in adaptive modulation control. 

SNR of modulations 

Normally, we use signal to noise ratio (SNR) to evaluate qualities of signals, but it cannot 

be used to measure telecommunication quality directly. Eb No⁄ , the energy per bit to noise power 

spectral density, is a normalized SNR for digital communication system measurement. Normally, 

it is used to calculate bit error rate (BER) without taking bandwidth into account. When forward 
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error correction (FEC) is counted, Eb No ⁄  is referred to the energy per information bit. Table 2.5 

shows formulas of BER performance according to different modulations [36].The complemen-

tary error function erfc(x) is defined as  erfc(x) =
2

π
∫ e−t2∞

x
dt. 

Modulation Performance of BER 

BPSK 
 BERBPSK =

1

2
erfc (√

Eb

No
) 

QPSK 
 BERQPSK =

1

2
erfc (√

Eb

No
) 

16-QAM 
 BER16QAM ≈

3

8
erfc (√

2

5

Eb

No
) 

64-QAM 
 BER64QAM ≈

7

24
erfc (√

1

7

Eb

No
) 

Table 2.5 BER performance according to different modulation [36] 

We can get BER against Eb No ⁄ for various modulations. 

While forward error correction (FEC) is used in IEEE 802.11 OFDM systems, the coding 

rate of each modulation scheme is various. The bits error rate against SNR at different modula-

tion methods and coding rates is shown as Fig. 2.8.  
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Fig. 2.7 BER vs Eb/No for various modulations 

 

Fig. 2.8 BER vs Eb/No for different modulations and coding rates 
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Spectrum mask requirement in DSRC standard 

To study the antenna decoupling in DSRC, we need to calculate the isolation requirement 

between antennas on a vehicle. There are three characters we should consider to calculate anten-

na isolation, namely, transmit power, adjacent channel rejection, and receiver sensitive level. The 

requirements of receiving signal at the sensitive level is  

𝑃𝑖𝑛𝑡𝑒𝑟 =  𝑃𝐴 − 𝐿𝑆𝑁𝑅 = 𝑃𝐵 −  𝐿𝑎𝑑𝑗  − 𝐿𝑖𝑠𝑜 

Pinter is the permitted power spectral density from interferers. PA is the receiver sensitive 

level. LSNR is the required SNR at different modulations and coding rates, and we choose the 

most strict situation here. PB is the transmitting power level of the interference source. Ladj is the 

permitted transmitter power spectral density to adjacent frequencies. Liso is the required isolation 

between the interferer and the receiver.  

The maximum transmit power of DSRC in the United States is 33dBm for non-

government usage and 44.8dBm for government usage, so the transmission follows Class D of 

maximum transmission power classification for the 5.85 – 5.925 GHz band [20]. DSRC required 

spectrum mask of Class D is shown as Fig.2.9. We measured the actual frequency spectrum at 

DSRC band. The spectrum satisfied the spectrum mask of the standard. The experiment was fin-

ished by an Atheros AR5414A wireless card, and the measurement equipment is Agilent 

N1996A CSA spectrum analyzer.  
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Fig. 2.9 Transmission spectrum mask of Class D [20] 

 

Moreover, the minimum sensitive level at 10 MHz channel spacing is -68dBm with the 

fastest transmission speed [19]. For the normal use of 10 MHz channel spacing, the adjacent 

channel rejection is 55 dB at least.  

From there resource, the antenna isolation requirement can be calculated that it should be 

no less than 72dB. If expand the channel space to 15MHz, the antenna isolation requirement is 

62dB at least. To satisfy the basic requirement, the aim of antenna design is decoupling antennas 

as much as possible. 

 

2.4 Feasibility Study of Multi-Radio DSRC 

There are many methods to increase isolation of antennas, but the requirement of 72dB 

isolation is still difficult for antenna decoupling.  So we proposed to increase the minimum inter-

vals between CCH and SCH channels to 15MHz. Increasing channel intervals cannot change the 
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characteristics of antennas. However, it can suppress the interrupt received by the other antenna, 

as shown in Fig. 2.10. IEEE 802.11b/g is also suggested to use non-adjacent channels to avoid 

interference between each other. To decrease the impact from mutual coupling in IEEE 

802.11b/g, most wireless devices only work at channel 1, 6, and 11 at all 11 channels. That 

means the actual channel interval of WIFI is 100MHz. 

Because FCC only licensed 75MHz bandwidth for DSRC, 100MHz bandwidth is impos-

sible for DSRC. We proposed a spectrum scheme shown in Fig. 2.10. After moving CCH to 

CH171, SCHs can use all 6 channels from CH174 to CH184.  As a result, the smallest channel 

interval between CCH and one SCH is 15MHz. Increasing channel space by remove SCH chan-

nels is also an option if the interval is still not enough. 
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Fig. 2.10 Increasing channel intervals of two OBU antennas 

We proposed a DSRC multi-radio system as presented in Fig. 2.11. The channels of RSU 

are fixed. When a car moving to the area of the RSU covered, the OBU will do handover with 

RSU through CCH channel and will set its SCH radio to one of the RSU channels. This multi-

radio DSRC system can do handover, and will improve the performance of current IEEE 802.11p 

significantly. In this scheme, the antenna isolation requirement of multi-radio DSRC is 62dB.  
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Fig. 2.11 Proposed multi-radio DSRC scheme 

There are several general ways to decoupling antennas. Increasing distance of antennas, 

shield antennas, directional antennas, adding coupler network, using special designed antennas, 

and increasing channel intervals.   

2.4.1 Coupler Network 

Decoupling antennas by a coupler network is a popular design for many years [23]. A 

coupler network should be connected in a RF system as shown in Fig. 2.12. Some coupler net-

works are used in MIMO systems, and some others are designed for multiple frequency systems 

[24].  
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Lossless coupler

 

Fig. 2.12 Schematic of multi-radio system with coupler netwok 

The ideal coupler network is a lossless network, and this coupler can counteract the sig-

nal coupled from antenna. Most popular coupler network is rat-race ring, which can be used as a 

180° 3dB hybrid coupler. Z0 is the RF impedance implied in this system (50ohm normally).  λ 

denotes wavelength. It has the following matrix: 

S =  |

0 a
a 0

b 0
0 −b

b 0
0 −b

0 a
a 0

| 

While in rat-race ring: a = b =
1

√2
 

1 3

42

3λ/4

λ/4

λ/4

λ/4

√2 Z0 

Z0 

Z0 Z0 

Z0 

 

Fig. 2.13 Rat-race ring 
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As the 180° hybrid symbol shown in Fig.2.13, when port 1 is selected as input, the signal 

will be evenly split into two parts (-3dB) at ports 2 and port3, and port 4 is isolated port. If the 

signal is input to port 4, it will be equally split into two parts with a 180° phase difference at 

ports 2 and 3, and port 1 will be the isolated port. If the signals input at ports 2 and 3, the signal 

at port 1 will be the sum of the inputs, while port 4 will be the difference of the inputs, and the 

180° hybrid is operated as a combiner. 

 

Fig. 2.14 ADS simulation result of 5.9GHz 180° hybrid coupler 

We simulated a rat-race ring coupler network by Agilent ADS software. Fig. 2.14 pre-

sented a 180° hybrid coupler simulation result at 5,9GHz. The result shows that the isolation of 

this coupler network is more than 46dB from 5.860GHz to 5.925GHz. However, when both two 

radios are receiving signal, the sum of two signals will be sent one port and the other port will 

receive the difference of two signals. The difference port will receive nothing while the two an-

tennas are closed. But antenna array can get excellent performance while the rat-race network is 

selected with shield or directional antennas. 
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2.4.2 Shield and Directional Antennas 

Metal shield antennas and directional antennas are also can getter better isolation. A 

shield can get 10dB more isolation [26]. However, vehicle network requires omnidirectional per-

formance. The OBU should connect to OBUs and RSUs at any direction. So we propose a shield 

antenna model shown as Fig. 2.15. This system selects metal shield to increase isolation, and al-

so selects coupler with an additional antenna to cover larger angle. The performance could be 

better if we choose directional antennas. 
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Fig. 2.15 Proposed shield antennas 

2.4.3 Increasing Distance of Antennas 

The simplest way of increasing isolation of antennas is growing the distance between an-

tennas. According the free-space path loss equations, the pass losses of RF telecommunication is 

calculated in both vertical and horizontal directions [21].  

Lv = 28+ 40lg(dv/λ) (dB) 

Lh = 22+ 20lg(dh/λ) – (G1 + G2) (dB) 
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Lv is vertical free-space path loss, dv is the vertical distance between the transmitting and 

receiving antennas, Lh is horizontal free-space path loss, dh is the horizontal distance between 

the transmitting and receiving antennas, λ is the wavelength, G1 and G2 are the gain of two an-

tennas at the relative angle. 

 

Fig. 2.16 Mutual coupling at different distances [22] 

Lin et al. tested different mutual coupling at different horizontal distances [22]. They 

connect two antennas erectly on a copper clad board, and tested isolation of antennas with sever-

al distance from 2 cm to 11 cm. As shown in Fig 2.16, the author showed the mutual coupling 

results at 2.5GHz. Even the samples of experiments are limited, the results still showed out that 

the isolation was bigger while the distance increasing. 

As shown in Fig. 2.17, most base station antennas are designed with a large distance with 

each other to reduce coupling.  Not only the horizontal distance is considered, vertical distance is 

a more notable factor for coupling of antenna. 
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Fig. 2.17 Typical cell station omnidirectional and directional antennas 

2.4.4 Cross-Polarized Antennas 

Cross-polarized (or dual polarized antennas) is used widely in satellite communications 

and cell base stations [27]. Cross-polarized wave includes horizontal and vertical, as well as 

RHCP (Right Hand Circular Polarization) and LHCP (Left Hand Circular Polarization). The loss 

of crossed signal is about 30dB [28]. 

2.4.5 Experiments and Verification 

To evaluate the impacts to isolation between antennas, we performed a serious of tests. 

Our experiments included antenna distance test, dual polarization test. The experiments scheme 

was shown as Fig. 2.18. With different distance, we tested the coupling of antennas. The distance 

was distributed from 2cm to 120cm. We tested the mutual coupling between two antennas with 3 

kinds of placements. 

Antenna1 Antenna2

L1

Antenna1 Antenna2

L3

Antenna1 Antenna2

L2
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(a) Horizontal distance test         (b) Cross polarization test       (c) Vertical distance test 

Fig. 2.18 Isolation experiments scheme 

The antenna for testing is W1028 from Pulse electronics Corporation. It is a 5.15/5.85 

GHz dual-band dipole ¼ wave omnidirectional antennas with 2dBi gain, and the polarization is 

vertical [31]. The specifications are shown in Table. 2.6.  

Antenna Pulse W1028 

Length 5 inch/ 127 mm 

Frequency 5.15 & 5.85 GHz 

Gain 2 dBi 

Impedance 50ohm 

VSWR <1.9 

Polarization Vertical 

Electrical length ¼ dipole 

Radiation Omni 

Table 2.6 Electrical specification of antennas 

The DSRC generator is a PCI wireless card with Atheros AR5414A chip, which can be 

configured to work at DSRC mode. The test equipment is an Agilent E8364B PNA vector net-

work analyzer. E8364B is a general purpose network analyzer with 10 MHz to 50 GHz frequen-

cy range, 104 dB of dynamic range, and <0.006 dB trace noise. Fig. 2.19 shows the testing plat-

form at Auburn University RFIC Design and Testing Laboratory. 
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Fig. 2.19 Isolation experiments at Auburn University 

We didn’t use an anechoic environment for this experiment. To reduce wave reflection 

from the floor, our antenna holder is as high as 80cm. At the same time, we moved away all oth-

er items from the antennas to reduce reflections and interference.  

Fig 2.20 shows horizontal S-parameters test results at 10cn, 20cm, 40cm, and 80cm. S11 

is the reflected power when radio 1 delivers to antenna 2. S21 represents the power transferred 

from Port 1 to Port 2, which is the isolation between two antennas. From these figures, we can 

find that there is no big isolation difference in the DSRC frequency range from 5.8 GHz to 

6.0GHz. Moreover, the isolation increases (Blue line falls down) with the distance between two 

antenna increasing. The isolations are about 49dB, 52 dB, 60dB, and 63dB at antenna distances 

10cm, 20cm, 40cm, and 80cm. The results shows that increasing antenna distance can rise isola-

tion, or reduce mutual coupling.  
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(a) Distance 10cm   (b) Distance 20cm 

 

(c) Distance 40cm   (d) Distance 80cm 

Fig. 2.20 Horizontal test results at 10cn, 20cm, 40cm, and 80cm. 

Fig. 2.21shows antenna isolation test results with different polarizations and distances. 

Through the testing results, we can find that isolations were bigger with the increasing of dis-

tances. While the distance between antennas was larger than 70cm, the isolation between anten-

nas was larger than 62dB.  The experiments were not finished in an anechoic chamber or in open 

space. so results were impacted by the reflection of wave. Reflection from floor also declined the 

advantage of vertical and cross-polarizing placements of antennas.  
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Fig. 2.21 Test results of horizontal, cross and vertical testing. 

Even with the impact of reflection, the testing results still satisfied the requirement of 

multi-radio DSRC. However, when antennas are mounted on cars, the reflection comes from car 

roof and nearby objects. The actual situation is similar with our experiment environment. Typi-

cally, when the antennas are mounted on vehicles, the isolation between them could satisfy the 

requirement of 62dB. The multi-radio plan for DSRC is feasible in practice. 

2.5 Conclusion 

In this chapter, we proved that multi-radio DSRC is feasible in future vehicular networks. 

At first, we introduced vehicular communications systems and applications. After that, we de-

scribed DSRC and its issues. Multi-radio DSRC would solve these issues, but it also has chal-

lenges. We evaluated free-space path loss and optional adjacent channel rejections. We also dis-

cussed the isolation requirement of antenna pair and technologies for decreasing mutual coupling 

of antennas. All these methods have already applied in other areas, and can be combined together 

in multi-radio DSRC systems. Our experiments also showed that the isolation between two nor-
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mal antennas can satisfy the requirement of multi-radio DSRC system. Antenna pair can be de-

signed for multi-radio vehicular networks.  
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CHAPTER 3 

3 HIGH DYNAMIC RANGE PYROELECTRIC SENSING FOR VEHICLE DETECTION  

 

With a large amount of vehicles running on road, traffic safety and transport efficiency 

are important problems in the modern society. In order to improve the traffic system safety and 

efficiency, road monitoring and traffic management are constructed in many cities.  

3.1 Motivation of Pyroelectric Sensing for Non-Camera-Monitored Intersections 

Video camera is the most widely used technology for traffic monitoring. They are very 

popular for intersection traffic monitoring. Video cameras are deployed at main intersections for 

area surveillance, traffic monitoring, traffic light control, ticket issuing, crime fighting, etc. They 

provide the most detailed and direct information to users. However, video cameras generate a 

huge amount of data, and video stream leads to high cost for data transmission, data storage, and 

real-time data processing. As a result, traffic cameras are only deployed at a few main intersec-

tions in most cities. It is impossible to install surveillance cameras at all intersections because of 

the cost. Meanwhile, accurate calibration [49] and complex algorithms [50] [51] [52] are re-

quired to process video stream. Low visibility environments also bring problems for video traffic 

monitoring, such as night, raining, and snow [53]. Moreover, privacy issue is always a big con-

cern for video camera traffic monitoring. 
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At the same time, according to the government report, 40 percent of crashes occurred in 

the states were intersection-related crashes [76]. It is imperative to monitor more intersections. 

More traffic monitoring at intersections can reduce the traffic violation and vehicle crashes.  

To monitor all non-camera-monitored intersections, we proposed a low cost, low data-

rate infrared monitoring system to monitor vehicles at intersections. Pyroelectric detector senses 

the slightest variations in infrared radiation contrasts against the background, resulting from any 

moving object or body in the field of view. It is a good candidate for road monitoring and vehicle 

detection.  

3.2 PIR (Passive Infrared) Sensing Advantages and Challenges 

Video camera is not the only technology for traffic monitoring. Sensor technologies have 

been applied for traffic monitoring and vehicle detection. The popular traffic sensor technologies 

include video camera, infrared camera, magnetic sensor, inductive loop, radar, acoustic sensor, 

and inductive sensors.  

Table 3.1 lists specifications of all popular sensing technologies for traffic monitoring. 

Video camera and Infrared camera generate a lot of data for processing, transmitting, and storing, 

which makes it expensive to cover all intersections in a city. Technologies for one-dimensional 

vehicle detection are not good for intersection monitoring. Some expensive technologies are also 

used for traffic monitoring including satellite [68], airborne camera [69], and cellular network 

[70]. Radio Frequency (RF) environment monitoring also can detect vehicle movement [71]. 

However, this technology is limited to object detection, but not for speed measurement, or vehi-

cle tracking.  
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Technologies Pros Cons 

Video camera  Easy to view 

 Plentiful information 

 Light situation dependent 

 Large data processing 

 Expensive processing and transmission unit 

Magnetic sensors 

[54][55][56][57] 

[58][59] 

 Accurate 

 Small 

 Low price 

 Power efficiency 

 Hard maintenance  

 No area monitoring 

Inductive loop 

[60] 

 Easy to count 

 Accurate 

 Hard maintenance 

 No area monitoring 

Pneumatic tube 

[61] 

 Easy to count 

 Accurate 

 Hard maintenance 

 No area monitoring 

Radar 

[62][63][64] 

 Measure related speed  No multiple vehicle support 

Acoustic sensors 

[65][66] 

 Small 

 Low price 

 Power efficiency 

 Bad signal quality 

 No multiple vehicle support 

Infrared camera 

[67] 

 Plentiful information 

 Light independent 

 Large data processing 

 Expensive parts 

Table 3.1 Comparison of popular sensing technologies 

In our research, sensor nodes should be able to cover intersections for vehicle tracking 

and traffic monitoring. At the same time, the sensing system should be simple and efficiency, but 

not as complex as video cameras or infrared cameras. Pyro-electric sensors, such as PIR325 [38], 

are widely used in many applications and designs. Compared with other displacement sensor 

types, capacitive sensors provide low power consumption, high sensitive, excellent dynamic re-
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sponse performance, high temperature stability, and environmental adaptability with low cost. It 

has been widely used in industrial applications and scientific research. The pyroelectric infrared 

(PIR) sensor has a high detection capability for infrared radiation, and has been widely applied in 

many areas and applications [37]. It has been proposed for extensive applications such as human 

tracking, indoor monitoring, surveillance, etc. The PIR detector PIR325 is low cost, $ 2 per piece, 

and has low power consumption, 2mW, and is sensitive in a range of 5~14 um [38]. It is an at-

tractive candidate for traffic monitoring at intersections. 

However, to monitor intersections with PIR sensors, there are still several issues and 

challenges to address: PIR sensor is normally used for behavior biometrics detection, but not 

moving vehicles. Meanwhile, it is designed to detect exposed heat in the form of infrared radia-

tion. The noise of an infrared sensor system could come from background environment, power 

supply, amplifier, and even the sensor itself. To detect outdoor vehicles, the environment will be 

more complex, and background noise should be higher. As outdoor targets could be farther away 

from the sensor, a longer detection range is required for outdoor vehicle detection than indoor 

applications. As a result, the first challenge will be the PIR sensor detectability to vehicles. These 

challenges will be discussed in this chapter. 

3.3 High Dynamic Range PIR Sensing for Vehicle Detection  

Pyro-electric sensors, such as PIR325, are widely used in many applications and designs. 

Most of these applications are indoor applications. In this section, we will evaluate outdoor traf-

fic monitoring using pyro-electric sensors. A new reconfigurable high sensitivity and wide dy-

namic conditioning circuit is designed for both outdoor and indoor usages of pyroelectric sen-

sors. Of course, this conditioning circuit can also be used for other types of sensors, such as opti-

cal sensors, temperature sensors, and acoustic sensors. The gain of this circuit is reconfigurable 
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with digital potentiometer, and the dynamic of gain is more than 100 times of fixed amplifiers. 

At the same time, the band width of filter is also adjustable for different target speeds and dis-

tances. The filter is also designed to ensure the conditioning circuit stable and with a high SNR 

despite different situations. For moving detection, this programmable and reconfigurable condi-

tioning circuit can fit various indoor and outdoor environments. It can also be used for various 

target speed and range. With this signal conditioning circuit, the sensor arrays not only work for 

indoor environments, but also possible for outdoor applications. 

3.3.1 PIR Sensor Node Design Issues 

Compared with other displacement sensor types, capacitive sensors provide low power 

consumption, high sensitive, excellent dynamic response performance, high temperature stability 

and environmental adaptability with low cost. It has been widely used in industrial applications 

and scientific research. The pyroelectric infrared (PIR) sensor has a high detection capability for 

infrared radiation and has been used for a wide range of applications [37]. It has been proposed 

for extensive applications such as human tracking, indoor monitoring, surveillance, etc. 

The PIR detector used for this work is low cost, $2 per piece, and has low power con-

sumption, 2 mW, and is sensitive in a range of 5~14 um [38]. In our project, PIR sensors are 

used for behavior biometrics detection. However, researchers are still facing challenges of PIR 

sensor applications, for example, noise and saturation. PIR sensor is designed to detect exposed 

heat in the form of infrared radiation. The noise of an infrared sensor system could come from 

background environment, power supply, amplifier, and even the sensor itself. The noise, espe-

cially the background noise cannot be ignored. Reducing noise and improving SNR are the im-

portant challenges for a sensor system. 
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Another issue of a PIR sensor system is signal saturation. Signal saturation happens when 

a signal power exceeds the maximum value that can be output. It is quite normal in analog signal 

amplifiers and receivers. Signal saturation decreases signal quality significantly in analog signal 

processing. In sensor networks, saturation could result in data loss. In all these cases, saturation 

is a non-linear conversion on the signal that causes signal distortion. At the same time, there is 

no way to correct such saturation distortions. Comparing to other fixed gain amplifiers for PIR 

sensors, our signal conditioning circuit is designed with a continuous adjustable amplifier to 

avoid signal saturation, and this amplifier is field reprogrammable and reconfigurable. 

The PIR sensor has a high detection range and capability. However, without a high per-

formance conditioning circuit, the signal quality cannot satisfy the requirement of long range de-

tection. For long distance target detection, the sensor signal is quite weak. To collect more useful 

information through a weak signal, the signal conditioning circuit need provide high gain and 

low noise figure. However, normal signal conditioning circuit for PIR sensors cannot provide 

such high performance to support long distance detection. 

Signal-to-Noise ratio is an important parameter of analog signal. Minimizing system 

noise is a critical challenge in sensing system designs. The circuit in our research adopts low 

noise components for low noise. Meanwhile, there is a specially designed field programmable 

filter in this circuit. This filter can filter the signal evidently, and the frequency of this filter is 

also on field programmable for different applications. 

In this chapter, a novel design of signal conditioning circuit for pyroelectric sensors will 

be introduced. It includes field reconfigurable and reprogrammable amplifiers and filters. It is 

also designed with low noise, high SNR, and high dynamic range. The circuit can work for dif-

ferent environments, even with ultra-weak signals. 
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3.3.2 Related Designs of PIR Signal Conditioning 

For the typical pyroelectric sensor, PIR325 of Glolab, the manufacture provides an offi-

cial reference signal conditioning application circuit of motion detector [38]. This circuit is wide-

ly used by many research groups with some modifications [39][40][41][42].  In the reference 

conditioning circuit, there is a two level single end amplifier. After that, two voltage compara-

tors, built by open-loop op-amps (operational amplifiers), convert the analog signal to binaries. 

An advantage of this reference circuit is that all parts are common components, which can be 

easily found. When an op-amp is used as a comparator, its internal capacitance causes that it is 

much slower than a dedicate comparator. However, they are still much faster than software com-

parator.  

Meanwhile, the limits of this circuit are also obviously. The reference conditioning circuit 

has a common op-amp (operational amplifier) LM324. This op-amp is widely used because of its 

low cost (less than $0.15) and high power supply range (3V to 32V). However, the performance 

of LM324 is not good for low power system. It is not a rail-to-rail op-amp (Rail-to-rail means the 

output range of an op-amp can reach its power supply range), and the output voltage drop of 

LM324 is more than 1.0V. For most battery powered sensor systems, the power supply is 3.7V 

or lower.  A high output voltage drop means lower input range for Analog-to-digital converter 

(ADC). At the same time, the noise of LM324 is about 35 nV/rtHz at 1KHz, which is much 

higher than modern low noise op-amps. As a result, LM324 is not good for weak signal amplifi-

cation. A low power, low noise op-amp should be used for sensor nodes. Meanwhile, the design 

with comparators applies 2 more op-amp unit and 4 diodes. That means higher cost of PCB. A 

lot of information can be obtained from the output of a PIR sensor, such as distance, moving 

speed, and motion characters. The information is valuable for target positioning, human recogni-
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tion, etc. The signal strength is also useful for target distance detection and amplifier gain ad-

justment. However, after converted to binary by the comparators, all these information will be 

lost. Moreover, without any adjustment option, this circuit has limit motion detection capability. 

To utilize PIR sensor for more applications, researchers attempt to modify this condition-

ing circuit. Some modifications adapted a potentiometer to adjust the gain of the condition cir-

cuit, so that the sensing system can work for more cases [39]. Meanwhile, some researchers re-

moved comparators to output analog signal [41]. M. Shankar et al. not only removed compara-

tors, but also utilized two potentiometers to replace fixed resistors, and to adjust both DC shift 

level and circuit gain [47]. This modification provides more options and can work for more ap-

plications. Although these designs modify partial components of the refernce design, the main 

amplifiers and filters are the same and the op-amp is still LM324. The limits of the reference de-

sign are still in these modified circuits. As a result, we still consider them as the same reference 

design. 

Because of the difficulties of signal conditioning design and debugging, some researchers 

would like to choose a digital infrared motion detector, which is reconfigurable and output digi-

tal signal directly. DP-002A is a typical digital infrared detector module from Glolab [43]. There 

is no amplifier or comparator circuit with the analog pyroelectric infrared sensor.  

The infrared sensor used in the Glolab DP-002A module is a digital detector, which inte-

grates a sensor, an amplifier, a filter, and an Analog-to-digital converter (ADC) in one TO-5 

package [43]. An advantage of DP-002A module is reconfigurable. It provide 3 pins to adjust 

sensing level and dwell time. The output of DP-002A is very slow and insensitive, and this mod-

ule can only provide little useful information. The design of this module limits its application 

only in some specific areas. Even though DP-002A provides a reconfiguration option, the adjust-
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ing is very limit, which is discrete but not continuous. The reconfigurable options do not help 

provide more usable information. 

 Some researchers developed reconfigurable signal conditioning and processing units in 

FPGA [44] [45], a digital signal conditioning. Digital signal conditioning has more reconfigura-

tion options and the control is convenient. However, digital signal conditioning has its limits. It 

reduced measurement resolution and measurement range. In many applications, sensor nodes 

work in horrible environments. The sensing signal will be weak and noisy. It should not be sent 

to A/D converter directly. In this case, only a little useful information will be converted to digital 

signal, and then be applied for recording, monitoring or processing. Most useful analog infor-

mation is abandoned by A/D converter. To avoid this, a high performance analog signal condi-

tioning circuit is necessary. An analog signal conditioning circuit can reduce noise effectively 

which cannot be finished in a digital processing unit. Moreover, the power consumption of a dig-

ital component, such as FPGA or MCU, is much higher than most analog parts as op-amp.  

Obviously, an analog method is necessary for signal conditioning. Actually, some re-

searchers [46] have already found that programmable analog signal conditioning circuits without 

reducing measurement range should be used for variety of sensors. They proposed a methodolo-

gy of choosing appropriate programming values for gains of amplifiers and DC shift levels. This 

methodology can be applied for various environments and sensors. In this chapter we design and 

implement a high performance programmable analog signal conditioning circuit for PIR sensors.  

The circuit designed in this chapter can filter sensor signal and increase detection range, 

and it works for outdoor applications as well. It is also reprogrammable, and be able to work 

with different applications. With a small modification, this signal conditioning circuit can also be 

used for other resistive sensors and electromagnetic sensors. 
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3.3.3 Requirements of Signal Conditioning 

PIR sensors have been widely used for automatic room lighting control, and many re-

search groups utilize PIR sensor networks for human tracking. However, the infrared models of a 

vehicle and of a person are quite different. As a result, tracking vehicles is quite different with 

tracking people. There are still challenges to apply PIR sensor networks for traffic monitoring. 

Noise and saturation are the biggest challenges of PIR sensor applications. The direct 

output signal of PIR sensor is extremely weak. It is 20mV in normal situation. If the target is fur-

ther away, the signal is worse. At the same time, noises cannot be ignored in PIR sensors.  PIR 

sensors are designed to detect exposed heat in the form of infrared radiation. Because infrared is 

emitted by all objects, the background noises cannot be ignored.  In such a situation, a high per-

formance signal conditioning circuit is necessary for a PIR sensor, especially for outdoor detec-

tions.  

The goal of this chapter is to develop a small size, high sensitivity, low power, and on 

field reconfigurable sensor conditioning circuit for outdoor detection, which can fit various out-

door applications. As a result, the signal conditioning circuit should be programmable and recon-

figurable in the field for different situations. For short range detections, such as in a small room, 

the circuit should be adjusted to low gain to avoid saturation. For long range detections, such as 

battle field surveillance and football field monitoring, the gain of the circuit should be high, and 

noise will be a serious issue in the high gain system. Meanwhile, the speed of target movements 

varies, so the filter of the signal should be adjustable. The filter of the signal condition circuit 

should be able to reduce noise from outside and from other parts of the system. 
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A. 1Hz @5m                           B. 10Hz @5m 

                       
C. 3Hz @1m                           D. 3Hz @50m 

 

Fig. 3.1 Detected signals from a target with different distances and speeds 

 

Fig. 3.1 lists four different signals while a PIR sensor is put in different environments. 

The original signal of PIR sensor is too weak to be displayed by an oscilloscope, and it is ampli-

fied and filtered by a fixed analog signal conditioning circuit. As a fixed signal conditioning cir-

cuit is applied, the signal collected from targets nearby should be saturated, and the signal col-

lected from targets far away will be weak. The saturated signal or weak signal will cause infor-

mation loss when it is converted to a digital signal. To avoid these situations, a reconfigurable 

analog signal conditioning is required for working with various environments and targets. 

Meanwhile, the signal conditioning circuit also should adapt to various moving speeds of targets. 

 
Fig. 3.2 Proposed conditioned results sent to an ADC 
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After the analog signal conditioning, the signal sent to ADC should be able to fit the input 

range of the ADC, and have no signal saturation. Fig. 3.2 shows the proposed conditioned signal. 

The infrared models of a vehicle and of a person are quite different. As a result, vehicle 

tracking is different with human detection. Comparing vehicle tracking and human detection, the 

detection ranges and the target moving velocities are totally different. To satisfy vehicle tracking, 

the signal conditioning circuit of PIR sensor should have the following parameters.  

 

A. Adjustable Gain 

Normally, the detection range of human tracking in a room is less than 10 meters. When a 

PIR sensor node is set to an intersection for traffic monitoring, the detection range should be 15 

meters to 50 meters. The signal amplitudes of human and vehicles are different, so the amplifier 

gain should be adjusted as below.  

𝐺𝑎𝑖𝑛 =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
 

𝑉𝑖𝑛 is the input signal power to the amplifier from the sensor. 𝑉𝑜𝑢𝑡 is the output voltage 

from the conditioning circuit to the A/D converter. In order to maximize the performance of A/D 

converter, 𝑉𝑜𝑢𝑡 is usually configured close to the input range of A/D converter.  

Infrared radiation is electromagnetic radiation. The wave length lies between microwave 

and light in the electromagnetic spectrum. The infrared propagation in the air follows free-space 

path loss equation. The Free-space path loss (FSPL) is an essential parameter for optical, Infrared, 

and RF areas. It is the loss in strength of an electromagnetic wave that results from a line-of-sight 

path in free space. 

𝐹𝑆𝑃𝐿 =  (
4𝜋𝑑

𝜆
)

2

= (
4𝜋𝑑𝑓

𝑐
)

2

 

http://en.wikipedia.org/wiki/Signal_strength
http://en.wikipedia.org/wiki/Electromagnetic_wave
http://en.wikipedia.org/wiki/Line-of-sight_propagation
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𝑑 is transmit distance in meters. 𝜆 is wave length in meters. 𝑓 is frequency in hertz, and c 

is the speed of wave in m/s. For typical radio or light wave, 𝑐 ≈ 3 ×  108 𝑚/𝑠. The detectable 

radiation length of PIR325 is 8 to 14mm. 

For a target, if the detection distance is increased from 10 meters to 50 meters, the ampli-

fier gain should be enlarged 25 times. However, the infrared radiation strength of human and ve-

hicles are different, so the amplifier gain should be configured by the empirical data.  

 

B. Adjustable Bandwidth 

For different target speeds and distances, the bandwidth of signal conditioning circuit is 

adjusted to different frequencies. According to the signal characters of PIR 325 sensor, the dura-

tion of one signal cycle is the time of a target passing a mask window. Fig.3.3 presents the field 

of view (FOV) of a PIR sensor mask. When a target passes by a mask window, the sensor gener-

ates a cycle of sine wave. The frequency of   hardware filter should be configured as: 

𝑓 =
1

𝑡
 =

𝑣

𝑑
 

𝑣 presents the speed of the target, and 𝑑 is FOV of one mask window. With different tar-

get speeds and distances, the signal frequencies are different. 

 

Fig. 3.3 FOV of a PIR sensor mask 
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The normal speed of a walking person is from 1m/s to 3m/s. For human tracking, the in-

door detection range is less than 10 meters normally. As a result, the sensor nodes for human 

tracking should be set from 0.1 Hz to 2.2 Hz. The normal speed of a vehicle at an intersection 

could reach 20m/s, and the detection range at an intersection should be 15 meters to 50 meters. 

And then the frequency for vehicle tracking should be set up to 11Hzas calculation. As a result, 

the conditioning circuit of vehicle tracking sensor node should be adjusted to a suitable frequen-

cy. 

 

C. Ultra-Low noise  

The noise level of outdoor PIR sensing is much higher than indoor human detection. In-

frared radiation is emitted by all objects. The outdoor environment is much more complex than 

indoor setting. The background noise of outdoor detection is much higher than indoor detection 

because of more objects, more movement, and weather impact.  For a same detection target, the 

outdoor sensing SNR is much lower than an indoor detection. An ultra-low noise circuit for out-

door experiment is required to reduce sensing noise, and to reduce the contribution of thermal 

noise from active components. 

3.3.4 The New Signal Conditioning Design 

In order to detecting various targets, the signal conditioning circuit should be high per-

formance and reconfigurable. A two level single end amplifiers design with filters is implement-

ed in this circuit. In the PIR sensor system, signal conditioning circuit is located relatively close 

to their respective sensors. In such a situation, single end amplifiers are good enough for ampli-

fying the sensors output. Single end amplifiers only require a minimal amount of discrete com-
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ponents, so they can save a lot of PCB layout dimensions. Moreover, single end amplifiers could 

implement high gain and rail-to-rail output very easily. 

This design includes 3 stages. The preamplifier and filter stage amplify the weak sensor 

signal to a suitable level for next phase. In the design, the gain of the first stage amplifier is more 

than 50dB.  The DC shift stage shifts the signal DC level to the center of op-amp power range, 

and adjusts the op-amp output level for ADC rail-to-rail input. The amplifier gain and filter fre-

quency band are reconfigurable in the adjustable amplifier stage. As a result, the circuit can satis-

fy various targets with different distances and speeds. 

Comparing to the reference design, our design has higher performance with high sensitiv-

ity, low noise, and high SNR. Meanwhile, it is on field reconfigurable and reprogrammable. 

Moreover, the new circuit takes a compact design with only 14 components. Comparing to refer-

ence design with 22 components, the number is 30% less. Plus the advantage of digitally con-

trolled variable resistor, our sign saves about 50% of PCB size comparing to the reference de-

sign. 

 
Fig. 3.4 Two level reconfigurable signal conditioning circuit. 
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A. Preamplifier and filter stage 

As Fig. 3.4, the first single-ended stage uses an operational amplifier as an active band 

band-pass filter. The basic concept is to amplify the small signal to an acceptable range for next 

phase. Both inner noise and environment noise should be reduced. The preamplifier and active 

filter have to fulfill several requirements which originate from the high-level preamplifier speci-

fications: 

 The gain of the preamplifier should be high enough for long range detection.  

 The noise of this amplifier should be very low to make sure the system has a low 

noise figure 

 The filter should have the ability to suppression all other noise. 

The noise figure of a cascaded system follows the equation: 

NF = NF1 +
NF2 − 1

G1
+

NF3 − 1

G1G2
+ ⋯ 

There are 2 ways to lower down the noise from the first stage amplifier, a low noise com-

ponent and a high gain design. First, design a high gain circuit to reduce noise figure contribu-

tions from other stages of a system. Second, select a low-noise op-amp to lower the noise figure 

from the first stage amplifier.  

The first level amplifier is designed with a fixed gain at 3000. The second level amplifier 

is worked with a variable gain from 1 to 300 to adapt for different working environments. The 

designing gain of our first level  

G1 =
R3

R2
=  3,000 
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The simulation results show the actual gain of the first stage is about 400 to 1200. As a 

result, the noise of following steps would not impact the system noise figure very much. The 

main contribution of the system noise figure comes from the first stage. This high gain design of 

first stage not only ensures the low noise figure of the whole system, but also enhances the detec-

tion range. In our experiments, PIR sensor node could detect outdoor targets 50 meters away.  

A low noise operational amplifier LMV832 is selected for the first stage amplifier. 

LMV832 is a low power CMOS and low input current 2 channel op-amp produced by Texas In-

strument. The current power consumption of each LMV832 channel is only 0.24 mA. And the 

input noise voltage is only 12nV/rtHz at 1 KHz. Also with the rail-to-rail character, LMV832 is a 

perfect choice for low noise applications.  

At the same time, most of other designs use LM324 for amplifiers. LM324 is a general 

purpose operational amplifier, which is designed for voltage supplies as high as 32V, and the 

noise of LM324 is as high as 40nV/rtHz [89]. Meanwhile, the maximum output voltage of 

LM324 is 1.5V less than the input voltage [89]. In low power consumption wireless sensor net-

works, the power supply is about 3V normally. LM324 can only output about 1.5V as maximum. 

The LM324 amplifier output signal is sent to an ADC for sampling. While the ADC is also 

working in the 3V system, this input signal can only reach half of the ADC sampling range. 

Comparing to rail-to-rail input to ADC, half of useful information will loss in the LM324 ampli-

fier system.  

Compare to LM324, LMV832 is a low power, low noise operational amplifier. At the 

same time, LMV832 is a rail-to-rail output component, whose output swing range is 0-3V with a 

3V power supply. This output can reach the maximum range of ADC sampling. 
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As shown in Fig. 3.5, each window of a mask is 15 degree or more, our detection range is 

set from 1 meter to 50 meters. For indoor applications, the targets are human about 1 meter to 5 

meters away. For outdoor environments the targets could be human or slow vehicles from 5 me-

ter to 50 meters away. The normal speed of a walking person is 1m/s to 3m/s.   According to the 

previous situation, we can calculate the frequency of collected signal. For indoor usage, the sig-

nal should be around 0.7Hz to 11Hz, and the signal frequency is 0.07Hz to 2.2Hz for outdoor 

human detection. We also could apply this system for outdoor vehicles detection at stop sighs or 

parking lots. The vehicle speed should be less than 36km/h, so the signal frequency should be 

less than 7.7Hz. 

 

Fig. 3.5 Target detected by a PIR sensor with a mask 

Consider the application environments, the bandwidth of our amplifier and filter should 

be DC~11Hz. Meanwhile, we could find that higher frequency comes with closer target and 

stronger signal. As a result, the center point of the filter should be very low to detect targets from 

different distances.  

Order C1=470uF, C2=220nF, R2=330ohm, R3=1Mohm, C1=C2=300uF, we can get cen-

ter frequency stable of filter: 

f =
ω0

2π
=

1

2π√R1R2C1C2

= 0.862Hz 
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Fig. 3.6 Frequency spectrum response of the pre-amplifier and filter 

 

As the simulation results shown in Fig. 3.6, our optimized design has higher gain and bet-

ter noise suppression. In the frequency band from 0.07Hz to 11Hz, the gain of optimized design 

is more than 40dB, while the gain of reference design could lower than 17dB. The central point 

of optimized filter band is 0.862Hz, and the center frequency of reference design filter is 6.7Hz. 

The major noise source of this signal amplifier is clock and switch from the digital system. The 

frequency of noise is 50Hz or above. For our optimized design, the noise suppression at 50Hz is 

29dB. However, the noise suppression at 50Hz is only 5.6dB in the reference design. In the ref-

erence design, the gain is not so high, and it could not suppress noise very well. As a result, even 

PIR325 sensor is designed for human detection, the sensor could not work in a perfect situation 

with the original reference conditioning circuit design. However, our optimized design for 

PIR325 could achieve a better performance. 
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Because of using low noise operational amplifier LMV832, high performance filter, and 

high gain amplifier,  

 

B. DC shift stage 

Even though the op-amp and ADC are not integrated in a same PCB, they share a com-

mon grand connection. Moreover, the ADC sampling range is 0~3V. As a result, the DC level 

shifter is required to translate the 0.7V DC reference voltage of the first stage to 1.5V for the 

second level amplifier. The 1.5V reference voltage ensures a high range output of the second 

level amplifier from 0V to 3V, and it also guarantees the maximum input range of ADC at 0~3V. 

As shown in Fig. 3.4, R6 and R7 of the level shifter set the reference voltage at op-amp 

non-inverting Input. Before this new design applied, reference design had been used to evaluate 

applications and algorithms. The official reference design used a potentiometer to set the refer-

ence level, but didn’t fix it. Hence the reference level of each board had to be adjusted before 

being used. The new design with a fixed reference level can reach the maximum range of op-

amp and ADC, and it is more stable than the potentiometer design. 

 

C. Adjustable amplifier stage 

The gain of the second level amplifier is adjustable from 1 to more than 100 to adapt for 

different working environments. As shown in Fig. 3.4, R4 and R5 are digital potentiometers pro-

vided by AD5242 [88]. AD5242 provides a dual-channel 256-position digitally controlled poten-

tiometer. The impedance of each channel is from 60 ohm to 1M ohm. The gain of this stage is set 

by variable resistors R4 and R5. 

G2 =
R5

R4
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The gain of this amplifier is reconfigurable while R4 and R5 are adjustable. The gain of 

the conditional circuit is determined by R4 and R5. Hence this conditioning circuit provides 

higher dynamic range. The field tests show that the dynamic range with an adjustable amplifier is 

about 100 times of fixed range amplifiers.  

At the same time, each potentiometer has 256 positions, which means the amplifier gain 

has up to 65536(256x256) configuration possibilities. The gain adjustments can be considered as 

linear adjustment. The output of the second step amplifier can be set to full range output from 0V 

to 3V without any signal saturation. 

 

Fig. 3.7 Filter frequency vs. sqrt(R4*R5) 

Not only the gain of this stage is reconfigurable, the filter frequency is also adjustable. 

This design an active band-pass filter and the frequency can be calculated as follows: 

f =
ω1

2π
=

1

2π√R4R5C3C4

 

According to the formula and simulation results, the center frequency of the filter is in-

versely proportional to √R4R5. The simulation results are shown in Fig. 3.7. The filter frequency 

can be adjusted by configuring R4 and R5 resistances. After target moving speed is detected by 
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the sensing node, digital potentiometers R4 and R5 can be configured to set the filter bandwidth. 

When a target moves faster, the filter should be configured at a higher frequency, and vice versa. 

As a result, this conditioning circuit can fit target with different speeds and distances. 

 

Fig. 3.8 Two stage circuit frequency spectrum  

Fig. 3.8 shows examples of the conditioning circuit spectrum response. The filter fre-

quency of the conditioning circuit simulation results is shown in Table. 3.2. The frequency can 

be adjusted by R5 and R4 is programmed to control the gain. Because of the filters, the gains G1 

and G2 cannot simply be calculated by R3/R2 and R5/R4. However, the gain is still proportional 

to the resistance of R4 while R5 is fixed. 

R4 R5 R5/R4 Gain f 

5.6K 1M 180 97dB 0.4Hz 

56K 1M 18 77dB 0.4Hz 

5.6K 100K 18 91dB 2Hz 

56K 100K 1.8 72dB 2Hz 

Table 3.2 Conditional circuit gains and frequencies with different R4 and R5 examples 
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D. Programmable design 

Amplifier gain and filter frequency of the signal conditioning circuit is reconfigurable. 

The reconfigurations are achieved by digital potentiometers, which are provided by AD5242. 

AD5242 provides a dual-channel 256-position digitally controlled variable resistor from 60 Ohm 

to 1M Ohm. The resistance of each channel is 10k Ohm, 100k Ohm, or 1M Ohm. 

The wiper position of variable resistor is programmed by an I2C compatible, 2-wire serial 

data interface with read back capability. I2C is a multi-master serial single-ended computer bus 

which uses only two bidirectional open-drain lines. The two lines are called Serial Data Line 

(SDA) and Serial Clock (SCL). The standard clock speed for I2C is up to 100 KHz. The bus has 

two types of nodes: master nodes and slave nodes. Typical voltages of 5 V and 3.3 V are both 

available for I2C bus.  

With different system configurations, AD5242 can be programmed by software or hard-

ware. The system is equipped with an AVR MCU, and a TinyOS operating system is installed in 

the MCU. When the MCU works as a master node of the I2C bus, AD5242 can be programmed 

by TinyOS directly. Meanwhile, I2C bus can also be reconfigured by PSOC and FPGA in the 

system. 

3.3.5 Characters of the Sensor Conditioning Circuit 

With our low noise and reconfigurable circuit design, the signal conditioning circuit has a 

lot of improvements. 

A. High sensibility 

While the official reference design could only detect targets within 10 meters, the sensi-

tivity of our design is much better. The gain of our design is much higher. At the same time, the 



72 

 

redesigned filter and low noise devise LMV832 ensures high SNR of our circuit. The human de-

tection range of this circuit is more than 50 meters. 

B. Wide dynamic 

The signal conditioning circuit has a wide detection range from 1 meter to 50 meters, and 

the detection frequency of the circuit is as wide as 0.07 Hz ~11 Hz. Its dynamic range is much 

better than the reference design. 

C. Reconfiguration 

With a gain reprogrammable amplifier, the human detection range of the sensor can be 

reconfigured. Meanwhile, the design of reprogrammable filter frequency guarantees the recon-

figurable detection frequency.  

D. Cost effective 

Comparing to the official reference design, our design has less components and less lay-

out. The hardware cost is much less than the reference designs. The price of a pyro electrical 

sensor is as low as $2. LMV832 is less than $1, and the price of AD5242 is less than $2.  

E. Energy efficiency 

There are only 2 active devices in this conditioning circuit, LMV832 and AD5242. The 

supply current in each channel of LMV832 is only 240uA, and the supply current of AD5242 is 

only 0.1uA typically. 

F. High stability 

This conditioning circuit uses a popular 2 level active filter design. This design utilizes 

fewer components and more stable.  
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3.4 PIR Sensing Performance Evaluation 

Our signal conditioning circuit is implemented as Fig.3.4. Two experiments are per-

formed in this section to evaluate the conditioning circuit performance. Indoor experiment is per-

formed to test the gain dynamic range and frequency dynamic range. Outdoor experiment is per-

formed for noise deduction testing. 

The signal can be captured by an oscilloscope or by an ADC. The oscilloscopes used in 

the experiments are Agilent MSO-X 3052A and GW Instek GDS-2202. The ADC could be the 

one integrated in the MCU ATmega128 or the ADC in PSOC. Experiment results are summa-

rized in Table 3.3. 

Technology FR4 

Size 70mm X 38mm 

Power supply 3V 

Power consumption < 1mA 

Gain 50~100dB 

Frequency 0.07Hz~11Hz 

Table 3.3 Summary of test results 

3.4.1 Indoor Testing 

Fig. 3.9 and Fig. 3.10 show the experiment results using our design and the refernce de-

sign. There are three lines in each figure. The first one shows the raw signal sent from the signal 

conditioning circuit. The line in the middle shows the filtered signal with high frequency noises 

removed. The bottom one shows binary signals converted from object detection.  
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(a) 1Hz (New design)    (b) 1Hz (Reference design) 

 

(c) 10Hz (New design)    (d) 10Hz (Reference design) 

Fig. 3.9 Experiments at different frequencies 

Fig. 3.9 shows results tested at about 5 meters away from sensors. Both signals from our 

design and the official reference design at 10Hz have a good SNR. Both signals tested at 1Hz are 

also clean, and the target can be detected. However, the amplitude and the signal quality of our 

design are much better than those of reference design. The reason is that our filter is reconfigura-

ble for different frequencies. The reference design has a fixed filter, which does not optimize for 

lower frequencies. These figures show that both our design and the reference design works at 

1Hz and 10 Hz, but our design performs better at 1Hz. Meanwhile, a rail-to-rail output op amp 

LMV832 is utilized in our design, but not LM324. As shown in these figures, the maximum out-

put of our design can reach 3V, while the maximum output of the official reference design is on-

ly 1.6V. 
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(a) 1meter (New design)    (b) 1meter (Reference design) 

 

(c) 5meters (New design)    (d) 5meters (Reference design) 

 

(e) 10meters (New design)    (f) 10meters (Reference design) 

 

(g) 15meters (New design)    (h) 15meters (Reference design) 

Fig. 3.10 Experiments with different target distances 

As shown in Fig. 3.10, we also collect signals of moving targets at different distances. 

For 5 meters and 10 meters away from sensors, both our design and the official reference design 
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have good output signals. For long distance targets our circuit performs better because of the 

high sensitivity of our circuit design. . When detecting targets at 15 meters, the signal of the ref-

erence design is weak, while our design still provides good signals. At the same time, the satura-

tion problem is solved by our reconfigurable design. As shown in Fig. 3.10 (a) and (b), our new 

design performs well when a target is 1 meter away. The reason is that the gain of the circuit is 

set very low. The reference design has a fixed gain, so the saturation problem becomes serious. 

According to the results, our new design performs much better than the reference design 

at low frequencies and long distance targets. At the same time, the reconfigurable design solves 

the large signal saturation problem of PIR sensors. The rail-to-rail design of the new circuit in-

creases the signal output range, so the next level ADC can obtain more information from the sig-

nal.  Moreover, our new design performs very well at both a low frequency at 1Hz and a high 

frequency at 10Hz. 

3.4.2 Outdoor Vehicle Testing 

After the successful indoor testing, an outdoor vehicle detection testing has been per-

formed. The sensor board with the new signal conditioning circuit is installed to a mask as 

shown in Fig.3.11 (a). The mask is printed with ABS (Acrylonitrile Butadiene Styrene, an oil-

based plastic) or PLA (Poly Lactic Acid, derived from renewable organic resources, such as 

cornstarch,  tapioca roots, or sugarcane). It is covered by an aluminum film for better signal iso-

lation. Our experiments have been conducted in parking lots. To compare experiment results, R4 

and R5 are set to be 5.6K and 100K. The gain and filter frequency of signal conditioning board 

are 91dB and 2Hz. We have gathered signals when the distance between the car and sensor 

nodes is 5 meters, 15 meters, 30 meters, and 45 meters (Fig.3.11 (b)). The test results are shown 

in Fig. 3.12. 

https://en.wikipedia.org/wiki/Renewable_resource
https://en.wikipedia.org/wiki/Corn_starch
https://en.wikipedia.org/wiki/Tapioca
https://en.wikipedia.org/wiki/Sugarcane
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Fig. 3.11  (a)Sensor node (sensor board and mask)    (b) Testing environment 

 

(a)  Distance = 5m   (b) Distance = 15m 

 

(c)  Distance = 30m   (d) Distance = 45m 

Fig. 3.12 Test results with different vehicle-to-sensor distances. 

Comparing to Fig. 3.10, the results in Fig. 3.12 show that outdoor noise level is much 

higher than indoor environment. Even with worse noise, the vehicle detection signal still has a 

good shape when the target is 30 meters (100 feet) or closer. Vehicles still can be detected as far 

as 45 meters away. This detection range can cover a whole intersection area. The sensor board 

amplifier gain also can be adjusted for a higher gain for longer distance detection. As a result, the 
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PIR sensor with the new conditioning circuit can detect moving vehicles, and the detection range 

can cover an intersection for traffic monitoring.   

3.5 Conclusion  

For high dynamic pyroelectric vehicle detection, a reconfigurable signal conditioning cir-

cuit for pyroelectric sensors is presented in this section. This circuit has met all design challenges: 

high sensitivity, wide dynamic range, cost effective, and energy efficiency. The experiment re-

sults revealed high performance characters of this circuit. Meanwhile, it is on field programma-

ble through logic configurations and software operations.  

Through a series of indoor and outdoor experiments, the performance of our reconfigura-

ble conditioning circuits with PIR sensors is demonstrated. We can build sensor nodes with our 

design to monitor traffic at intersections. The sensor cluster design and network architecture will 

be introduced in the following chapter. 
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CHAPTER 4 

4 LOW DATA-RATE TRAFFIC SENSING AT NON-CAMERA-MONITORED 

INTERSECTIONS 

 

According to the data of 2012, there were 253 million vehicles registered in the states, 

and this number increased more than 30 percent in the past 20 years [78]. With a huge number of 

vehicles running on road, traffic safety and transport efficiency become important problems in 

the modern society. In order to improve the traffic system safety and efficiency, road monitoring 

and traffic management are constructed in many cities.  

To monitor traffic, sensors and cameras are deployed at intersections and highways. 

These traffic monitoring sensors and cameras can be used for vehicle counting, accident detec-

tion, and issuing tickets for traffic violations. For highway monitoring, all vehicle traveling is 

only one-dimensional. However, the vehicle moving at an intersection is two-dimensional. The 

one-dimensional speed of a vehicle is easier to measure. As a result, the traffic monitoring at 

highway is easier than monitoring at intersections. At the same time, vehicle counting and multi-

ple target detection at highway are also easier than that at intersections.  

4.1 Motivation of Non-Camera-Monitored Intersection Sensing 

Video camera is the most widely used technology for traffic monitoring. It provides the 

most detailed and direct information to users. Video cameras are very popular for intersection 

traffic monitoring. They are deployed at main intersections for area surveillance, traffic monitor-

ing, traffic light control, ticket issuing, crime fighting, etc. These video cameras are very im-



80 

 

portant for city traffic surveillance and security. The main advantage of video camera is the ca-

pability to provide plentiful video information. A lot of information can be retrieved from the 

video stream, such as vehicle speed, vehicle color, multiple vehicle detection, accident evidence. 

New technologies can retrieve vehicle plate numbers from high resolution traffic cameras.  

Video stream leads to high cost for data transmission, data storage, and real-time data 

processing. As a result, traffic cameras are only deployed at a few main intersections in most cit-

ies. It is impossible to install surveillance cameras at all intersections because of the cost. Mean-

while, accurate calibration [49] and complex algorithms [50] [51] [52] are required to process 

video stream.  

At the same time, according to the government report, 40 percent of crashes occurred in 

the states were intersection-related crashes [76]. It is imperative to monitor more intersections. 

More traffic monitoring at intersections can reduce the traffic violation and vehicle crashes. 

Meanwhile, after an accident, the traffic monitoring system can immediately send an event mes-

sage for rescuing. The event message will reduce rescuing time, and potentially save more peo-

ple’s lives.  

To monitor all non-camera-monitored intersections, we propose a low data-rate, low-cost 

infrared monitoring system to detect vehicles. Pyroelectric detector senses the slightest variations 

in infrared radiation contrasts against the background, resulting from any moving object or body 

in the field of view. The sensing signal is converted to a low data-rate binary stream, and multi-

ple sensors collaborate together with space coding to track a vehicle. As our evaluation in the last 

chapter, Pyroelectric detector is a good candidate for road monitoring and vehicle detection. 

With a high performance signal conditioning circuit, PIR traffic detector is a good candidate for 

vehicle detection and traffic light control, as well as for vehicle counting, speed measurement, 
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incident detection, queue detection, and vehicle classification [48]. PIR sensors can be deployed 

at traffic light intersections, stop sign intersections, and no-sign intersections. One possible de-

ployment of PIR sensors at an intersection is shown as Fig.4.1.Four sensor nodes are deployed to 

monitor vehicles movement at the intersection.  

 

Fig. 4.1 PIR sensor deployment at intersections 

4.2 Low Data-Rate Traffic Sensing System Architecture 

The main goal of our research is to design a low cost, low data rate traffic monitoring 

system, which can cover thousands of intersections in a city. Pyroelectric sensor arrays are cho-

sen to build a wireless sensor network for vehicle detection and traffic monitoring. PIR sensor is 

a low power consumption component with high sensitivity. With a small size and low price, PIR 

sensor is a good option for wireless sensor networks.  

4.2.1 PIR Traffic Sensing System Architecture 

Our proposed sensor network scheme is shown in Fig. 4.2. Four sensor nodes are de-

ployed at each intersection as a cluster. The four nodes in a cluster connect by Zigbee, and one of 

the four nodes in this cluster is a master node. A master node can communicate with neighbor 

master nodes with long range Zigbee or WIFI[5]. After processed in a master node, the collected 
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data will be sent to the data center relying on other master nodes or traffic infrastructures as traf-

fic cameras. The hierarchical network architecture will be discussed in chapter .5.   

RoadRoad Road
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Fig. 4.2 Wireless sensor network for traffic monitoring 

 

4.2.2 PIR Sensing Cluster Deployment 

As shown in Fig. 4.3, a PIR sensor node can be installed on a pole, and it can cover the 

whole road. Four sensor nodes can cover a whole intersection area as shown in Fig. 4.3. As pre-

sented in the figure, each node comes with a sensor array. And then each node has several differ-

ent sensing directions. Four nodes divide the intersection area into small areas. This space coding 

method benefits traffic monitoring at an intersection with only 4 nodes. After signal conditioning 

and simple processing, only binary signals are exchanged for further processing. Meanwhile, the 

data rate is slow. As a result, the requirement of data processing and transmission is low. This is 

a low cost system with real-time data processing. 
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Fig. 4.3 Proposed PIR sensor node installation and space coding. 

4.3 Data Flow of the PIR Traffic Sensing System 

4.3.1 Sensing System Data Flow 

The proposed monitoring data flow is shown in Fig.4.4. PIR sensor networks traffic mon-

itoring includes vehicle detection, vehicle detection, vehicle counting, speed assessment, event 

detection, event recording, and data transmission. 
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Fig. 4.4 Flowchart of PIR sensor traffic monitoring 
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A. Vehicle detection 

Four sensor nodes are deployed at an intersection. The monitoring area covers the whole 

intersection. With the space coding, a vehicle can be detected when it appears in the scope of 

these areas. These nodes communicate wirelessly using Zigbee.  

B. Vehicle tracking 

According to the monitoring data, one sensor cluster with four nodes can track vehicles.  

After signal conditioning, the raw data are filtered by a digital filter such as Kalman Filter [74] or 

other filters [75], and then get the accurate vehicle position. The accurate vehicle tracking can be 

captured though a tracking algorithm.  

C. Vehicle counting and speed assessment 

Through the tracking information of vehicles, vehicle speed can be assessed. The tracking 

information can also be utilized to count vehicles and record passing time.  

D. Event detection 

Events can be detected by these notes through the speed data. If a speed of a vehicle ex-

ceeds the limited, the vehicle is speeding. The nodes also can detect whether the vehicle speeds 

of one direction is slow. If one vehicle doesn’t stop at the stop sign, it can also be detected. Other 

events also can be detected by the speed information, such as a car broken on the road, or one car 

doesn’t wait people on the road.  

E. Event recording 

When an event detected, the nodes will detect the position of the car, as well as the head-

ing direction of this car. And then a suitable recording device will be chose for the event area. 

The recording module will capture a picture or recording a piece of audio and video stream. 

F. Data transmission 
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After processed in a cluster, the processed data will be sent to the data center through the 

wireless sensor network. The data transmission relies on other master nodes or traffic infrastruc-

tures such as traffic cameras. The routing protocol for this wireless ad hoc network can be either 

one table driven protocol or one on-demand routing protocol. 

4.3.2 Transportation Event Processing 

According to a government report, 40 percent of crashes occurred in the states were inter-

section-related crashes [76]. The PIR traffic monitoring system is designed for all non-camera-

monitored intersections. The PIR sensor traffic monitor system can track vehicles, and detect 

traffic events according vehicle positions, moving speeds and heading directions. These traffic 

evens include speeding violation, failure to stop violation, abnormal parking and stopping, and so 

on.  

A. Speeding Violation 

Each road has a speed limit. In the traffic monitoring system, a constant is set as the 

speed limit for each direction of an intersection. When a vehicle passed the intersection covered 

by a traffic monitoring cluster, this cluster starts tracking this vehicle. The vehicle speed and di-

rection information will be abstracted from the vehicle track, and will be compared with the 

speed limitation of the same direction. If the vehicle speed is higher than the speed limitation, a 

speed violation event will be held.  

B. Failure to Stop Violation 

Vehicles must fully stop before a stop sign or a red traffic signal. The PIR traffic moni-

toring clusters which are deployed at a stop sign intersection or a traffic light intersection will set 

stop positions and directions. At traffic lights intersections, these stop positions and directions 
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are trigged by red light signals. According the track of a vehicle, if it doesn’t reduce its speed 

under a threshold before the stop position, the failure to stop event will be held.  

C. Abnormal Parking or Stopping 

There are many other events can happen at one intersection, such as traffic crashes, traffic 

congestion, incorrect parking, vehicle breakdown, et al. A cluster can detect these events by ve-

hicle tracks. For example, if all vehicles moving slowly, it is possible that is traffic congestion. If 

two cars run to a same position and at least one car stop there, it is possible a traffic crash event.  

 

After one event detected in a cluster, this cluster will send a warning message to the data-

center, and will also choose a camera to take photos as evidences. These photos will also send to 

the data center through the wireless network. The datacenter can response according these mes-

sages and photos, such as ticket issuing, point accumulating. If the event is possible a traffic 

crash, the cluster will send a crash possible event message with the highest priority. After the da-

ta center confirms that it is a car crash, the data center is obliged to notice police departments and 

fire stations. Emergency vehicles should be able to send to this intersection as soon as possible. 

4.4 Signal Filtering and Tracking Method Study 

PIR sensors can be used to detect human activities. However, noise and saturation are 

still challenges of PIR sensor applications. The direct output signal of PIR sensor is extremely 

weak. It is 20mV in normal situation. If the target is located further, the signal is worse. At the 

same time, noise is not ignorable in PIR sensor.  An adjustable high gain signal conditioning cir-

cuit was designed for PIR sensor. After the analog signal conditioning, the signal sent to ADC 

should be able to fit the range of the ADC, and minimize signal saturation. 
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After analog signal conditioning, sensor signals will be processed by information acquisi-

tion and data learning, and get acquired information such as target information, group infor-

mation, and resource information. 

 

Fig. 4.5 Signal processing procedures 

 

 

Fig. 4.6 Signal conditioning and processing setup. 

 

The proposed block diagram of the reconfigurable hardware platform is shown as Fig. 

4.5. The platform provides a flexible and programmable platform for variable applications. It in-

cludes a reconfigurable sensing unit and a processor unit, which should integrate a radio for net-

working purpose.  
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The reconfigurable sensing unit includes three modules, sensor module, signal condition-

ing module and the PSOC module. The sensor module detects target and sends signal to signal 

conditioning module. The target could be a person, a vehicle, and other objects. The sensor sig-

nal is sent to the signal conditioning module. This module reduces noise, and amplifies signal to 

an appropriate level. After conditioning by the signal conditioning module, the signal is sent 

PSOC and ADC for a further conditioning and A/D conversion.  The converted is sending MCU 

for processing and information collection. The processor also control servo sensor and feedback 

loop to adjust sensor circuit gain and filter to output suitable signal for ADC. 

4.4.1 Architecture of a Sensor Node 

The main goal of our research is build a wireless sensor network with pyroelectric sensor 

arrays for vehicle detection and traffic monitoring.  PIR sensor is a low power consumption 

component with a high sensitivity. With a small size and low price, PIR sensor is a good option 

for wireless sensor networks. It have already be broadly applied for human detection [40] [72] 

[39], identification [73], and motion tracking [47] [74] [75]. 

PIR sensor array is PIR sensor is a passive sensor, so the power consumption is ignorable 

comparing to video camera and infrared camera. And the size of a PIR note is very small. Com-

paring to video camera and infrared camera, produced data of PIR sensor nodes are very small. 

The data processing requires powerful processor and huge power consumption. The processing 

cannot be real time because of the large data. Meanwhile, PIR sensor nodes don’t require power-

ful processors and large capacity storage. As a result, the low power consumption PIR sensor 

nodes can be powered by solar cell batteries. Then PIR sensor nodes can be more reliable than 

video/infrared camera systems.  
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Most power efficiency sensing technologies for traffic monitoring, such as magnetic sen-

sor, acoustic sensor, inductive loop, pneumatic tube, and radar, can only observer one point on a 

lane. They are not able to monitor a whole area like an intersection.  Meanwhile, the installation 

location of these sensors should be very close to vehicles, so the installation and maintenance 

could disrupt traffic. PIR sensor, which has a long detection range, has no trouble like that. As 

shown in Fig. 4.7, PIR sensor nodes can be installed in the corners to detect a whole intersection.  
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Fig. 4.7 Hardware architecture of a PIR sensor node 

Fig. 4.7 presents the deployment of PIR sensors at an intersection with stop signs. Each 

sensor equipped a solar battery as the power supply. A camera also installed with the sensor note. 

But it is only powered when events detected to save power. These sensor nodes monitor this in-

tersection and tracking vehicles with tracking algorithms. These nodes can record vehicle quanti-

ty and speeds. Abnormal events also can be detected be this nodes. These events could include 

traffic block, long queue, speeding, no stop, or long time parking. 

PIR sensor node hardware architecture is configured as Fig. 3.16. There are 5 modules in 

a node, Sensing module, Processing and control module, communication module, recording 

module, and Power supply module. Vehicles are detected by sensors. The signals are amplified 
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and filtered by the signal conditioning circuit, and then will be sent to the A/D converter. After 

processing in a MCU, the data will be sent to servers or relays by a RF transmitter. If an accident 

is detected, the recording module will be activated, and will record audio and video information. 

These data will also be sent to servers. The node is powered by a solar cell. A rechargeable 

backup battery is included in the power supply module to provide energy at night. 

4.4.2 Sensing Data Digital Filtering and Binarizing 

Because the direct output signal of PIR sensor is extremely weak, an adjustable condi-

tioning circuit amplified it to an appropriate voltage rang for next processing. However, it is still 

impossible that apply the amplified analog signal directly for target tracking directly. A series of 

digital signal processes are required to convert the analog signal to useful digital information for 

target tracking. Digital signal processes include Analog-to-Digital conversion, digital filter, and 

binerization.  

After digital signal processing, a sensor generate a binary data stream. Collaborated with 

other sensors in a node, one sensor node is able to point out target direction. When a target enters 

the detection area by a sensor cluster, position area of the target can be calculated. An object 

passing the detection area generates a series of dispersed position coordinates. A good tracking 

algorithm can calculate the real target track with these discrete position points. 

Digital filtering algorithm is an important step for PIR sensor signal processing. The cap-

tured signal by the sensor cannot be used for positioning or tracking directly. A series of signal 

processing steps convert the signal to useful data. As Shown in Fig. 4.8, the procedures of signal 

processing include analog signal conditioning, A/D convert, digital filtering and binarizing. 
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Fig. 4.8 Procedures of sensing signal processing 

For vehicle tracking, the target and the environments are very different with human track-

ing. The signal quality is worse. An effective digital filter has to be applied to remove burr noise 

and DC fluctuations. We applied 5 point arithmetic average filter for digital filtering. Arithmetic 

average filter, or mean filter, is very efficient filter by averaging a number of neighbored points. 

The arithmetic average filter works as a low pass filter. The computing consumption of 5 point 

average filter is very low. It only requires a little calculation. It is effective for outdoor high fre-

quency noise removing. 

In our system, we use several sensors to track targets. Every sensor node only requires 1 

bit data for each target detecting. However, the data gathered from sensors are huge. They in-
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clude a lot of information such target distance and speed, but the information is not accurate and 

redundant. The huge data from sensors makes it more difficult for data processing. The gathered 

signal is binarized for simplification. The ADC in our system is a 10 bit converter with a sam-

pling speed of 4~15kbps [90]. The binarization will convert the sampled data to a 100 Hz binary 

signal. The process reduced data rate to its 0.1%, which reduce requirements for data storage and 

processing.  

4.4.3 Space Coding of a Sensing Cluster 
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Fig. 4.9 Procedures of sensing signal processing 

As shown in Fig. 4.9, four sensor nodes can cover a whole intersection area. As presented 

in the figure, each node comes with a sensor array. And then each node has seven different sens-

ing directions. Four nodes divided the intersection area into many small areas. When a target 
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moves in the covered area, sensor nodes can position out the target location with space coding. 

This space coding method benefits traffic monitoring at an intersection with only 4 nodes.  

After signal conditioning and digital processing, only binary signals are exchanged for 

further processing. Meanwhile, the data rate is slow. As a result, the requirement of data pro-

cessing and transmission is low. This is a low cost system with real-time data processing.  

4.4.4 Tracking Filtering Study 

Tracking Filtering offers the capability to predict the real trace based on the measured po-

sitions. The current monitoring system applied space coding to locate vehicles. The space code 

divides the monitoring area into many small areas. And the possible target position is calculated 

by the area code. However, these positions are discrete points. These points cannot present real 

vehicle moving track. To get the real moving track of a vehicle, a tracking algorithm should be 

applied.  

 

(a) Track of a straight vehicle   (b) Track of a right turn vehicle 

Fig. 4.10 Tracked vehicle raw positions 
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Fig.4.10 shows measured raw tracks of a straight vehicle and a right turn vehicle at an in-

tersection. These measured positions are discrete and no pattern. An effective tracking algorithm 

is needed to calculate the real trace. Considering the tracking algorithm running platform and 

input data, it should have the following specifications. 

Low power MCU real-time computation 

To deploy at intersections and powered by battery and solar panel, MEMSIC IRIS mote 

is selected as our processor and transmission unit. IRIS mote is a low power wireless sensor node. 

It uses ATmega 1281, a low-power AVR RISC-based microcontroller, as the processor [90]. 

ATmega 1281 is only an 8-bit microcontroller, and it only has 8KB RAM [90]. It is not good at 

complex algorithm.  

When researchers apply indoor human tracking with PIR sensors, three tracking algo-

rithms, Kalman filter, Windowed FFT filter, and Bandpass Sine filter are evaluated [74]. How-

ever, these algorithms are too complex to be real-time computed by ATmega 1281. We should 

choose a MCU based digital filter, such as median filtering and arithmetic average filtering, as 

the tracking algorithm [91]. 

Accurate tracing result 

In the states, the lane width is 9ft - 12ft (2.7 – 3.6meters) [79]. The width of a personal 

vehicle is 5ft-7ft. For accurate tracing, we want the trace shows the correct lane of a vehicle 

movement. The resolution of our monitoring system should be less than half of a lane width, and 

also less than half of a vehicle width. The maximum state error should be less than 30 inches.  

At the same time, the tracking algorithm data, space coding results, follow Gaussian dis-

tribution. The tracking algorithm should handle Gaussian noise very well. We compared the two 

most popular MCU digital filters, limiting filtering, median filter and arithmetic average filter. 
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Limiting filtering removes values that changes bigger than a preset threshold. Median fil-

tering arranges the sample values and set the intermediate value as the valid value. Both of these 

methods are effect of the slow changes data, such as temperature, liquid level [91]. They can ef-

fectively reduce pulse interference due to causal factors, but they are not suitable for white noise 

or rapid changing parameters such as vehicle speeds [92]. Arithmetic average filtering method 

accesses a few continuous values for the arithmetic average. It is good to filter the signal with 

random interference [91] [92], As a result, we choose arithmetic average filtering method as the 

tracking algorithm. 

To simulate the result of the tracking algorithm, we apply 3 point arithmetic average fil-

tering 3 iterations to the input data. The input data is from space coding as shown in Fig. 4.10. 

We simulated a straight running trace and a right turning trace. With up to 7 iterations filtering, 

the relationship between maximum tracing error and filtering iteration numbers is shown in Fig. 

4.11. The figure shows that when iteration number is 3 or higher, the maximum state errors are 

less than 2.5ft (30 inches). 

 

Fig. 4.11 Maximum state error vs. Average filtering iterations 
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(a) Simulation trace of a vehicle running straight 

 

 (b) Simulation trace of a vehicle turning right 

Fig. 4.12 Vehicle tracking results by average filtering 
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Fig. 4.12 shows vehicle tracking at a 100ft x 100ft area. The filtering method is 3 itera-

tions 3 point average arithmetic filtering. The red lines show the real trace of a testing vehicle. 

The blue stars represent detected vehicle positions by PIR sensor nodes, and the green lines 

shows the reported trace after the arithmetic average filtering.  

The testing vehicle runs straight through the monitoring intersection, and the filtered 

trace of the traffic monitoring system is shown in Fig. 4.11 (a). The maximum tracking error is 

2.3ft (0.7meter). The maximum tracking error of a right turning vehicle in Fig. 4.11b (b) is only 

1.7ft (0.52meter). The result satisfies the 2.5ft maximum state error requirement.  

4.5 Conclusion 

In this chapter, we propose a low data-rate, low-cost infrared sensing system for all non-

camera-monitored intersections. The sensing system is formed by sensor clusters. Each sensor 

cluster has four nodes to cover an intersection. Each node has several different sensing directions, 

and four nodes divide the intersection area into small areas. This space coding method helps us 

to track vehicles. We also proposed a data flow for this sensing system. 

In each node, the sensing signal is filtered and binarized to reduce data-rate. The target 

position is anticipated with the binary signal and space coding. We also studied tracking filters 

for target tracking. Average arithmetic filtering method is evaluated in this section. The simulat-

ed results are able to track moving vehicles in an intersection. 

Multiple target tracking can be done with a little algorithm adjustment. Researchers ad-

dressed the problem of counting multiple targets with binary sensing, and applied ClusterTrack 

algorithm for multiple targets tracking [29]. Other researchers separate multiple targets tracking 

into a set of independent single target tracking by Bayesian strategies [30]. 
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CHAPTER 5 

5 HIERARCHICAL DESIGN FOR LOW DATA-RATE SENSING NETWORK 

 

In this dissertation, we proposed a low data-rate, low-cost infrared sensing system to 

monitor all non-camera-monitored intersections. The sensing system is formed by sensor clusters. 

Each sensor cluster has four nodes to cover an intersection. Each sensor of a cluster equips a 

ZigBee wireless radio. The sensing data of each sensor or the tracking trace of each will be sent 

to the data center for further processing. An efficient and reliable communication network is re-

quired to transmit data. There are two issues of the low-cost infrared sensing system network de-

sign.  

What network architecture should we choose? 

First, the sensing network should be able to handle emergence transportation events, such 

as traffic accidents. The desired network should be reliable to transmit data to the data center.  

Second, we are aiming to build a low-cost sensing network. High cost connections, such as fiber 

communication, should be ignored in our network design. 

Which routing protocol fits this network? 

As a low-cost system, each node in the network has limited computation capability. 

When we choose a routing protocol, computation requirement of the protocol is one of our con-

siderations. Moreover, the PIR traffic monitoring system deploys at non-camera-monitored inter-

sections to cover an entire city. There are thousands of non-camera-monitored intersections in a 
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city, which means the network has thousands of nodes. The routing protocol of the network 

should support large networks. 

The rest of this chapter is organized as follows. Section 5.1 introduces our proposed net-

work architecture, hierarchical wireless mesh network. Section 5.2 compares some popular rout-

ing protocols. Section 5.3 evaluates one routing protocol for the sensing network.  

5.1 Hierarchical Wireless Mesh Network  

To construct the low cost reliable PIR sensing network, we proposed a hierarchical wire-

less mesh network structure. There are two types of connections in the network, intra-cluster 

connections and inter-cluster connections. The network topology of intra-cluster connections is 

star network. All other three nodes connect to the master node with a point-to-point connection. 

All these clusters connecting together form a mesh topology network, and communicate with da-

ta center through the mesh network. The architecture of the hierarchical mesh network shows in 

Fig. 5.1.  

Data Center

Intra-cluster communications

Inter-cluster communications

 

Fig. 5.1 Wireless sensor network for traffic monitoring 
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5.1.1 Intra-Cluster Communication 

In a cluster, each node equips with a RF transmitter. This transmitter is ZigBee radio At-

mel AT86RF320. ZigBee is a low-cost, low-power wireless network standard. The normal 

transmission rang of ZigBee is more than 100 meters, but the power consumption of a ZigBee 

radio is very low and can be powered by solar cells [6]. MEMSIC IRIS mote is applied in this 

project. The electronic specifications of IRIS are showed in Table 5.1. In a cluster, there are three 

normal nodes and one master node. A normal node connects to the master node with a point-to-

point connection, and the four nodes form a star topology network. For each normal node, detec-

tion data are sent to the master node through ZigBee for further processing. 

Power 2.7V – 3.3V 

Size (in) 2.25 x 1.25 x 0.25 

Current Draw < 25mA 

Power consumption < 1mA 

Frequency band 2405 MHz – 2480 MHz 

Transmit data rate 250 kbps 

Outdoor range (LOS) > 300m 

Table 5.1 Electronic specifications of IRIS Zigbee mote. 

5.1.2 Inter-Cluster Communication 

In a cluster, each node equips a ZigBee transmitter. The nodes in one cluster connected 

with normal ZigBee because each node equips with a ZigBee transmitter. An amplified ZigBee 
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module, which can extend the transmission range to 4km, is a good choice for inter-cluster con-

nections. [77] 

A master node equips an extra enhanced ZigBee. The enhanced amplified ZigBee module, 

which can extend the transmission range to 4km, is a good choice for inter-cluster connections 

[77]. After being processed in a master node, the collected data will be sent to servers or relays 

by the extend ZigBee transmitter. After an event triggered, the recording module of a node will 

be activated, and will record audio and video information. These data will also be sent to servers 

by the extended ZigBee transmitter. 

5.2 Routing Protocol  of Inter-Cluster Communication  

As shown in Fig. 5.2, the Inter-Cluster Communication network is a wireless mesh net-

work.  Every cluster in this mesh network should be able to connect to the data center. The con-

nection relays on other clusters and road infrastructures, such as traffic cameras. Meanwhile, the 

mesh network should be able to update its topology automatically after adding a cluster or re-

moving a cluster, which should be ad hoc network. 
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Fig. 5.2 Data transmission path in the wireless network 
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5.2.1 Challenges of Inter-Cluster Communication Routing Protocol 

In the ad hoc network, a cluster connects to the data center using a multi-hop wireless 

communication network. Each cluster in this network is able to forward wireless packages for 

other adjacent clusters. The routing protocol must be able to maintain the dynamic network to-

pology. At the same time, the traffic monitoring network is a large network with thousands of 

nodes, and each node has limited power resource and computation capability. The routing proto-

col for the traffic monitoring network should fit for the following network characteristics. 

Large network 

The network is a large scale and large diameter network. The PIR traffic monitoring sys-

tem deploys at non-camera-monitored intersections to cover an entire city. There are thousands 

of non-camera-monitored intersections in a city, which means the network has thousands of 

nodes. Moreover, the monitoring system is a large diameter system. A route from a sensor node 

to the data center could be long path relayed by many intermediate nodes. Network broadcasting 

or flooding is a process that one node send a message to all other nodes in the network. In a large 

wireless sensor network, reducing flood always is an important challenge for routing protocols. 

Dynamic & self-configuring 

The PIR traffic monitoring system is a wireless ad hoc network without mobility re-

quirement. After the deployment, each master node or normal node is stationary at an intersec-

tion. There is no node movement in the PIR traffic monitoring network, but topology changing 

and self-configuration is still required in this network.  

We should not deploy thousands of nodes in a wireless ad hoc network at the same time. 

We should build a smaller network with tens of nodes at first. When this network is robust, we 

deploy and add some more nodes to this network. The procedure is going to change the network 
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topology many times. Moreover, nodes in this network are powered by solar panel and battery, 

node failure cannot be avoid. Node failure and node re-activation also change network topology. 

The routing protocol should be able to work with the dynamic network, and should support net-

work self-configuration.  

Low-power nodes 

The PIR traffic monitoring system is a resource critical sensor network. Nodes in the 

network are powered by solar panel and battery. With limited power resource, the node compu-

ting ability and network bandwidth are also limited. We cannot apply a routing protocol with 

large computations for this network. Moreover, the sensor node processor, ATmega 1281, is a 

low profile processor. It only has 8KB RAM [90]. If a routing protocol needs large topology 

storage or routing table storage, it cannot be deployed in our network. 

5.2.2 Comparison of Popular Routing Protocols 

To choose a routing protocol for the traffic monitoring system, several popular routing 

protocols have been evaluated. They are RIP (Routing Information Protocol), OSPF (Open 

Shortest Path First), DSDV (Destination-Sequenced Distance-Vector), OLSR (Optimized Link 

State Routing), DSR (Dynamic source routing protocol), and AODV (Ad-hoc on Demand Dis-

tance Vector). These protocols include conventional wired-type schemes (RIP, OSPF), table-

driven proactive ad hoc routings (DSDV, OLSR), and on-demand reactive routings (DSR, 

AODV). 

RIP 

Routing Information Protocol (RIP) is a conventional routing protocol using distance-

vector routing protocols. To prevent routing loops, RIP applies a maximum limitation on the 

hops of a path from source to destination. The maximum number of hops also limits the network 
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topology size of that RIP can support [81]. As a large scale network, the traffic monitoring net-

working is not fit RIP routing protocol. 

OSPF 

Open Shortest Path First (OSPF) is another conventional routing protocol. OSPF uses 

link state routing algorithm. Not like RIP, OSPF has no hop number or network size limitation, 

and it is widely used in large enterprise networks [82]. In an OSPF network, a router gathers link 

status through neighbor routers and constructs a network topology map. When an OSPF router 

detects a change in its area, it will update the topology map and send it to all other routers. The 

update and transmission consumes a lot of network bandwidth resource and processor computing 

resource [83]. The traffic monitoring network is a large scale wireless ad hoc network, and the 

power resource and bandwidth resource are very limited. As a result, OSPF is not a good candi-

date for the traffic monitor system. 

DSDV 

Destination-Sequenced Distance-Vector (DSDV) routing protocol is a Table-driven pro-

tocol, or proactive routing protocol. It is optimization version of Bellman-Ford algorithm. Every 

node in a DSDV network maintains a routing table, which includes the shortest path to each des-

tination and the next node on the path. To avoid the routing loop problem, the destination node 

creates a sequence number for each new route. The nodes in DSDV broadcast its routing table 

updates periodically to keep the network topology up to date. The periodic update messages gen-

erate a huge amount of overhead, and the overhead grows with the network size [84]. As a result, 

DSDV is not suitable for a large scale network, such as the traffic monitoring network with thou-

sands of nodes. 

OLSR 
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Optimized Link State Routing (OLSR) is another Table-driven proactive routing protocol. 

It is based on link-state routing protocol. OLPR applies multipoint relays (MPR) to reduce flood-

ing. A node of OLSR network selects a set of neighbor nodes as its MPRs to rebroadcast mes-

sages. None MPR nodes can only read and process the broadcasted messages but not re-transmit 

them. The MPR scheme of OLSR reduces the network overhead. The performance of OLSR is 

good with high mobility networks [85]. Meanwhile, OLSR nodes maintain all possible routes in 

its routing table, and they update link status and neighbor list for all changes. These nodes also 

transmit updates to its MPRs even the updates are not necessary. The routing table maintaining 

and updating require a large amount of storage and bandwidth resource [85]. The PIR traffic 

monitoring system is a resource critical network, which has limited power, storage and band-

width resource. OLSR would perform well for high mobility network, but not the PIR monitor-

ing system. 

DSR 

On-demand routing protocols are designed to reduce the overhead of table-driven routing 

protocols. Table-driven routing protocol maintains all paths from each node to all other nodes. 

On-demand routing protocols only maintain active routes but not the whole topology or all routes. 

As a result, the overhead of an on-demand routing protocol can be much smaller than a table-

driven routing protocol. On-demand routing protocol establishes a route only on a source node 

request to send messages to a specified destination. The disadvantage of on-demand routing pro-

tocols is the high latency during the routing estimation.  

Dynamic source routing protocol (DSR) is an on-demand protocol. There is no periodic 

advertisement required for DSR network, which reduces the transmission overhead. DSR applies 

source routing, and each message transmitted in a DSR network carries the full path from source 
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to destination. The advantage of source routing is that all routing information is carried by mes-

sages, so the intermediate nodes of a path don’t need to maintain routing information [86]. How-

ever, with a whole path carried by each message, the protocol won’t be efficiency for large net-

works and long routing paths [87]. 

Classes Protocols Advantage Disadvantage 

Conventional 

schemes  

RIP Routing loop is avoided. Hop limitation limits network 

size. 

OSPF Suitable for large enterprise 

network. Networks. 

Large computing and network 

resource consumption. 

Table-driven 

(proactive) ad 

hoc routing 

DSDV Sequence number avoids rout-

ing loops. 

A huge amount of overhead in 

large networks. 

OLSR Multipoint relay reduces flood-

ing and overhead. 

Good with high mobility net-

works. 

Requires large storage and 

bandwidth for routing table 

maintenance and updating. 

Powerful computing is needed 

for MPR in large networks. 

On-demand 

(reactive) ad 

hoc routing 

DSR No periodic advertisement. 

No routing table required for 

intermediate nodes. 

Large massage overhead for 

long paths and large networks. 

AODV Routing table of each node.is 

small. 

Messages of carry destination. 

Requires more time for the first 

time routing construction 

Table 5.2 Comparison of routing protocols. 

AODV 

Ad-hoc on Demand Distance Vector (AODV) routing protocol is a combination of DSR 

and DSDV. It works on the principal of on demand hop-by-hop routing, and combines with se-

quence numbers. AODV is an on-demand routing protocol, which establishes a route to a desti-

nation only on demand. At the same time, AODV is a distance-vector routing protocol. It applies 
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sequence number to prevent routing loop problem. The main advantage of AODV is that a mes-

sage only needs to carry a destination address, but not full routing information. Therefore, the 

routing overhead of AODV could be much less than DSR, especially in large scale networks [87]. 

Meanwhile, AODV requires more time for the first time routing construction. 

5.2.3 Evaluate Inter-Cluster Communication Routing Protocols 

The PIR traffic monitoring system deploys at non-camera-monitored intersections. It is a 

large scale and large diameter network. Definitely, RIP is not good with large network because 

of its limits of maximum hops. DSR, a routing protocol that each message carries its whole path, 

requires very large loads of resource in large topology network. It is also not good for large net-

works.  

Second, the PIR traffic monitoring system is a stationary wireless ad hoc network, but 

self-configuration is still required in this network. OSPF, which updates the topology map in all 

routers for every network change, requires large computation and a long time for updating. It is 

not fit for large ad hoc networks. 

Moreover, the PIR traffic monitoring system is a resource critical sensor network. The 

power resource, computing ability, memory size, and network bandwidth of a node are limited. 

DSDV maintain a large routing table in each node, and periodically broadcast network topology 

updates. Similarly, OLSR routing table maintaining and updating also require a large amount of 

storage and bandwidth resource. The PIR traffic monitoring system cannot provide enough re-

source for DSDV or OLSR. 

AODV is a reactive routing protocol designed for ad hoc networks. As an on-demand 

network protocol, it is a good choice for large networks. Meanwhile, messages in ADOV only 
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carries a destination address. The computation and bandwidth consumption is also low. We 

choose AODV for our PIR monitoring network. 

5.3 AODV Network Simulation 

In this section, we evaluate AODV routing protocol performance on large networks.  The 

PIR traffic sensing network is a large network with thousands clusters. The first construction 

time of AODV routing may be slow in large networks. We will also evaluate AODV message 

transmission time and error rate in a large network. 

The AODV performance simulation was executed in OMNET++ network simulation en-

vironment with INET model suite.  The simulation was running on a computer with an Intel Pen-

tium G3220T CPU, 4GB RAM, and running Lubuntu 15.04 operation system. The simulation 

parameters show as Table 5.3. Fig. 5.3 shows OMNET++ simulation interface and our network 

configuration. 

Simulator OMNET, INET 

Network AODV 

Simulation time 10 minutes 

Transmission range 250 m 

Mobility Stationary 

Bandwidth 2 Mbps 

MAC header 20 Byte 

Table 5.3 Simulation parameters. 
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Fig. 5.3 Traffic monitoring network simulation by OMNET++ 

To evaluate AODV performance on the PIR traffic monitoring system, a few parameters 

were analyzed as follows. 

Package loss rate: the rate of package lost and package sent. This metrics is used for test-

ing link status between nodes. 

Average RTT (Round-Trip-Time): RTT measures the time between sending a message 

and receiving the acknowledgement. We use average RTT to check whether a message can be 

sent to the destination on time.. 

Routing Construction Time: Comparing to other routing protocols, AODV required long-

er time for the first time routing construction. We evaluate the parameter for AODV in a large 

network. 
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(a) Package Loss Rate (%) 

 

(b) Average Round-Trip-Time (ms) 

 

(c) Route Construction Time (ms) 

 

Fig. 5.4 Experiments of 64 nodes in different area 
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(a) Package Loss Rate (%) 

 

(b) Average Round-Trip-Time (ms) 

 

(c) Route Construction Time (ms) 

 

Fig. 5.5 Experiments of different number of nodes in the 1000x1000 m2 area. 
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(a) Package Loss Rate (%)   (b) Average Round-Trip-Time (ms) 

 

(c) Route Construction Time (ms) 

Fig. 5.6 Experiments with same node density (64 nodes / 1km2) 
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3 routes for the evaluation. The results show in Fig 3.26 to 3.28. Nodes are randomly deployed, 

and routes are randomly picked. The simulation results could be close to real situations. We de-

ployed 64 nodes in different size areas (Fig.5.4), and different number of nodes in a same area 
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(Fig. 5.5), and same density different number of nodes. A lot of cases are studied to simulate real 

situations. 

In Fig. 5.4, 64 nodes are deployed in different size areas, from 375x375 m2 to 1000x1000 

m2. The maximum package loss rate is 2.4% (11 of 455 packages). Average Round-Trip-Time is 

also measured, and all of them less than 100ms. The maximum route construction time is 4.4 

second. The result is good with 64 nodes in a 1000m x 1000m area.  

In Fig. 5.5, we deploy different number of node in a 1000m x 1000m area. The node 

numbers are 32, 48, 64, 80, 96, 112, and 128. The evaluated results are shown as maximum 

package loss rate 6.6%, max RTT 166ms and longest route build time 4.4s.  

In Fig. 5.6, three test cases with same node density were tested. They are 16 nodes at 

0.5km x 0.5km area, 64 nodes at 1km x 1km area, and 256 nodes at 2km x 2km area. The exper-

iment results are similar with previous results with 4.5 % maximum package loss rate, less than 

100ms RTT, and 3.7 second route construction time.  

We put all results together, and found that the package loss rate is slowly increasing with 

nodes number increasing and area size increasing. The increasing also comes with average RTT 

and route construction time. In the scenario of 256 noes at 2km x2km area, the construction time 

is only 3 second. The package loss rate is 4.5% and the biggest Average RTT is 97ms. The re-

sults illustrate that AODV is able to work in such a large traffic monitoring network. 
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CHAPTER 6 

6 CONCLUSIONS 

 

In this dissertation, we proposed a multi-radio scheme for DSRC. Multi-radio technology 

can improve the safety characters of DSRC, and can increase DSRC bandwidth. The mutual 

coupling issue in multi-radio DSRC was analyzed. We also described the isolation requirement 

of antenna pair, and analyzed technologies for decreasing mutual coupling of antennas. Our ex-

periments also showed that the isolation between two normal antennas can satisfy the require-

ment of multi-radio DSRC system. Antenna pair can be designed for multi-radio vehicular net-

works. The multi-radio research will also benefit other future communication technologies with 

co-existence issues, such as Visible light communication (VLC). 

A low data-rate, low-cost infrared traffic sensing system for all non-camera-monitored in-

tersections is also proposed in this dissertation. To detect vehicles with Pyroelectric sensor, we 

designed and implemented a high dynamic reconfigurable signal conditioning circuit. This cir-

cuit has met all design challenges: high sensitivity, wide dynamic range, cost effective, and ener-

gy efficiency. The experiment results revealed high performance characters of this circuit. 

Meanwhile, it is on field programmable through logic configurations and software operations. 

Through a series of indoor and outdoor experiments, the performance of our reconfigurable con-

ditioning circuits with PIR sensors was demonstrated.  

In each Pyroelectric sensor node, the sensing signal is filtered and binarized to reduce da-

ta-rate. The target position is anticipated with the binary signal and space coding. We also stud-

ied tracking filtering methods for target tracking, and evaluated average arithmetic filtering 
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method. The simulated results showed that PIR sensor nodes are able to track moving vehicles in 

an intersection. 

To construct low cost reliable communications for the PIR sensing network, we proposed 

a hierarchical wireless mesh network structure. There are two types of connections in the net-

work, intra-cluster connections and inter-cluster connections. The network topology of intra-

cluster connections is star network. All other three nodes connect to the master node with a 

point-to-point connection. All these clusters connecting together form a mesh topology network, 

and communicate with data center through the mesh network. We also evaluated routing proto-

cols and selected AODV as the inter-cluster routing protocol. The simulation results showed 

AODV is able to work for the large mesh network. 

 

Given the current status of our PIR traffic monitoring research, there are possible re-

searches for future work. One of these researches is vehicle and human mixed targets detection. 

Our current research focused on vehicle detection. However, pedestrian and bicyclist safety is 

also very important for intersection safety, especially for intersections in communities. It is pos-

sible to improve our detection mechanism, and let our sensing system won’t ignored human sig-

nal when both a pedestrian and a vehicle entering the monitoring area. Meanwhile, our monitor-

ing system should be able to warning drivers around when a pedestrian or a bicyclist trying to 

cross a road.  
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