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EXECUTIVE SUMMARY 

This report investigated the application of invisible markings arranged in detectable patterns to 
enhance construction work zone (CWZ) safety. Past research has shown that in-vehicle audio/visual 
warnings to drivers can potentially alert drivers to the beginning of the CWZ, to reduce speeds, and to 
produce sooner merge actions. The proposed electromagnetic (EM) markings in CWZ could 
communicate information to advanced driver-assistance system (ADAS)-equipped vehicles to slow 
down, merge, or exit. The first research objective was to evaluate the implementation of 3-axis 
magnetometers on pavement-assisted passive sensing systems for improving safe vehicle movements 
through CWZs. Second, the research study explored the development of programmable roadway 
coatings that can be used to provide speed and maneuvering information to ADAS-equipped vehicles. 

The initial experimental phase evaluated the implementation of 3-axis fluxgate magnetometers on 
pavement-ŀǎǎƛǎǘŜŘ ǇŀǎǎƛǾŜ ǎŜƴǎƛƴƎ ǳǎƛƴƎ ŦŜǊǊƻƳŀƎƴŜǘƛŎ ƻȄƛŘŜ ƳŀǘŜǊƛŀƭǎ ό/Ǌhіύ embedded into epoxy-
based pavement markings. The experiment used a cart (instead of a vehicle) equipped with 3-axis 
magnetometers to detect and process EM signals from these markings. The chromium dioxide 
content varied from 10% to 20% by weight. Test results demonstrated that as the CrO2 content 
increased, the EM signals across all three dimensions (X, Y, and Z axes) were more distinguishable for 
the proposed speed warnings, lane merge alerts, and lane-keeping assistance. Furthermore, the 
signal output varied based on the distance between the EM specimen and sensor. The x-axis sensor 
(vertical direction) produced the strongest overall magnetic field signals, followed by the z-direction 
(forward-backward direction). The y-axis sensor (lateral direction) had the lowest signal strength 
across all specimen layouts and orientations. 

The second phase of the research validated the systemΩs effectiveness in an extended test section 
with eight EM strips. Each strip contained 20% CrO2 by weight, with a coating size of 6 inches in width 
and 28 inches in length. These strips were set up on the pavement surface to simulate CWZ warning 
applications, including speed warnings and vehicle maneuvering instructions. After the raw sensor 
signals were processed through several stepsτincluding normalizing signals to their initial values, 
subtracting background magnetic flux, and applying high- and low-frequency filteringτthe processed 
signals confirmed that the observed EM pavement signatures accurately corresponded to the 
intended setup. Not only did the speed predictions closely align with GPS data, but lane merge 
suggestions and cart positioning also accurately matched the intended results. 

This pilot study validated the effectiveness of EM signature coated on pavement surface for 
application to construction work zone safety. The experimental results suggested that this passive 
material technology can provide valuable feedback for vehicle control systems, improve traffic flow, 
and reduce congestion. Future work should focus on refining the materials used for EM markings, 
integrating additional sensors, and validating system performance under various real-world vehicle 
conditions. 
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CHAPTER 1: INTRODUCTION 

BACKGROUND 

Construction work zones on roadways have been identified as high-risk areas because of the complex 
activities and traffic patterns associated with them. Previous studies have shown that the risk of 
accidents, injuries, and fatalities increased when drivers fail to adhere to posted speed limits and 
disregard warning signs and traffic control devices (Pigman & Agent, 1990; Raub et al., 2001; Bai & Li, 
2006). Safety enhancements are continuously being updated to increase work zone safety for drivers 
and workers. For instance, rumble strips have been installed on road surfaces to vibrate vehicles, 
make noise, and alert drivers of an approaching work zone area. Warning signs have been placed 
strategically to provide instructions to drivers that guide them through the work zone safely (El-Rayes 
et al., 2014; Fontaine & Carlson, 2001). Furthermore, intelligent transportation systems, such as 
advance-warning mechanisms and real-time traffic updates, have been employed to further improve 
safety (Azimi et al., 2021; Darwesh et al., 2021; Li et al., 2018). Despite the development of various 
safety measures, the number of accidents and fatalities have trended upward in work zones over the 
past decade. 

A previous CCAT project by Sakulneya and Roesler (2023) explored the potential of in-vehicle 
message warning systems to improve driver responses and safety when approaching work zones, 
particularly focusing on electromagnetic (EM) passive-sensing strips on the road and single-axis 
fluxgate magnetometer sensor arrays on the vehicle. An experimental plan was executed to test the 
responses of EM signatures from several EM passive-sensing strip configurations, including varying 
strip spacing and inclination angle. The laboratory proof-of-concept results demonstrated that the 
responses of these EM coded signatures exhibited potential for the establishment of a vehicle-to-
infrastructure (V2I) system for work zones that includes an in-vehicle speed and lane-merge warning 
system. Each EM-strip configuration generated response signatures at different shapes, intensities, 
and offsets. For the initial study, the signal clarity of the passive-sensing signatures was primarily 
influenced by the spacing between the EM strips. Ultimately, the experimental findings demonstrated 
that different configurations of these strips could produce unique EM signatures that could be 
effectively deployed in a V2I system (Sakulneya & Roesler, 2023; Sakulneya & Roesler, 2024). 

The purpose of this research project was to advance construction work-zone safety by implementing 
3-axis fluxgate magnetometer sensors coupled with programmable ferromagnetic oxide materials on 
the surface of the road. The current research explored whether 3-axis fluxgate magnetometer 
sensors can provide additional detection and response benefits compared to single-axis 
magnetometers, offering enhanced vehicle control within work zones. Additionally, the integration of 
programmable ferromagnetic oxide material coatings aimed to create passive-sensing signatures on 
roadways, which can be used for real-time communication with ADAS-equipped vehicles. The 
purpose of the EM surface coating was to improve the practicality of passive sensing signatures 
compared to previous embedded methods (Dahal & Roesler, 2021; Dahal 2022; Roesler & Dahal 
2024). The passive EM surface coating requires less installation time, is non-evasive to pavement 
materials, and is easily removable, which is essential for applications in CWZs.  
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Research Objectives 

The objective of this research is to advance construction work-zone safety through integration of 3-
axis magnetometers on a cart vehicle, develop and implement programmable ferromagnetic oxide 
materials for roadway coatings that form the passive sensing communication between vehicles and 
the roadway, and evaluate this V2I enhancement ŦƻǊ ŘŜǘŜǊƳƛƴƛƴƎ ǘƘŜ ŎŀǊǘ ǾŜƘƛŎƭŜΩǎ ǎǇŜŜŘΣ ƭŀǘŜǊŀƭ 
position, and potential future maneuvers. The goal of adding a 3-axis versus a single-axis 
magnetometer is to assess forward or lateral detection of the approaching passive material sensor as 
extra positional or coded signature information. These two main efforts seek to improve driver safety 
through construction work zones by communicating and warning the driver directly, minimizing 
unplanned congestion, and maintaining the target traffic flow. 

Overview of the Report 

This report is structured into five chapters, with Chapter 1 providing background on the research 
problem, research objectives, and scope of work for the enhanced construction work-zone safety 
study. Chapter 2 demonstrates the potential for V2I communication through invisible passive-sensing 
signatures on the pavement. This chapter includes documentation of the coded signature algorithms 
for CWZ safety and the selection of materials for EM-passive sensing signatures coded on the 
pavement surface (i.e., invisible pavement marking). Chapter 3 details the development of the 
invisible pavement marking system, including materials, mixing process, procedures for encoding, and 
establishment of a 3-axis magnetometer array for a field pilot study. Chapter 4 defines the 
experimental setup and data collection for passive EM-sensing signatures for CWZ warning and safety 
enhancements as well as the signal-processing techniques. Finally, Chapter 5 synthesizes the 
experimental research findings into conclusions and recommendations for implementing pavement-
assisted, passive-sensing technology to improve work-zone safety. 
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CHAPTER 2: V2I COMMUNICATION FOR ROAD SAFETY 

PAVEMENT SIGNAGE CODED ON ROAD SURFACE 

Pavement markings have been one of the most commonly used forms of signage coded on road 
surfaces to provide indirect messages to drivers for safe vehicle movements. These markings provide 
essential guidance for drivers by defining travel paths and conveying important information about 
roadway alignment, lane demarcations, passing zones, etc. 

According to AASHTO (2008), a highway fatality occurred every 21 minutes because of lane 
departures, totaling over 25,000 deaths annually. In response, AASHTO developed a Strategic 
Highway Safety Plan targeted at reducing these fatalities. The planΩs primary goal was to keep 
vehicles within their lanes and on the roadway. Research has shown that pavement markings can 
significantly reduce crashes under certain conditions, especially road run-off and head-on collisions 
that are prevalent on curves and at night. Enhanced or additional markings, like increased width or 
improved retroreflectivity, have been shown to reduce these types of crashes as well (Hall, 1987; 
Cottrell, 1987; Hughes et al, 1989).  

Maintaining vehicle lane position remains a significant challenge, particularly under varying 
conditions and adverse weather. According to the National Highway Traffic Safety Administration 
(NHTSA, 2021), lane departures were still responsible for 50% of fatal crashes from 2015 to 2019, 
with this figure increasing to 75% during adverse weather. Lane departure incidents contribute to 
1.13 million crashes annually, resulting in substantial fatalities, injuries, vehicle damage, and 
economic costs (Wang, 2019). These statistics highlight the potential need for advanced vehicle 
technologies such as lane-keeping to save thousands of lives and billions of dollars annually. Despite 
the reliance of autonomous vehicles (AVs) on GPS and cameras, or LiDAR for lane-keeping system, 
challenges persist when lane markings are obscured (Dahal & Roesler, 2022).  

Passive pavement sensing technology, recently proposed by Roesler and Dahal (2022), offers a 
potential complementary solution. This technology involves creating passive EM signatures on the 
road, which can be detected by vehicle-mounted magnetometers. The EM material embedded on the 
pavement has been shown to successfully detect a vehicleΩǎ lateral positioning within the lane in 
normal conditions and even in adverse weather conditions such as snow (Dahal & Roesler, 2022).  

In this study, passive pavement-assisted EM signature technology has been adapted for coating on 
road surfaces, functioning as pavement coded signage. The goal of integrating this technology with 
vehicle-to-infrastructure (V2I) strategies is not only to assist vehicle with lane keeping, but also to 
alert drivers and have drivers respond to real-time in-vehicle warnings about speed limits, merging 
instructions, and exits in construction work zones. The proposed EM coded signatures oriented on 
the pavement surface will be tested with 3-axis magnetometer arrays (past research only used 1-axis 
magnetometers), offering potentially more precise data on vehicle lateral position, vehicle trajectory, 
and speed from multiple magnetometer sensor axes. This information can be used to guide drivers 
safely through work zones, ensure compliance with speed limits, and assist with lane-merging 
instructions. 
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Construction Work Zone Safety Enhancement 

Pavement-assisted passive sensing technologies represent a significant advancement in enhancing 
safety within construction work zones (CWZs). These technologies utilize EM signatures coded on the 
roadway to establish passive communication with vehicles with the goal of improving driver 
awareness and reducing accident risks. 

The theoretical application for the single-axis sensor system completed by Sakulneya and Roesler 
(2023) involved an in-vehicle speed-warning system (Figures 1 and 2), where uniformly spaced EM 
strips interacted with vehicle-mounted magnetometer ǎŜƴǎƻǊǎΦ /ƻƴǘǊƻƭƭŜŘ ōȅ ǘƘŜ ǾŜƘƛŎƭŜΩǎ ŜƭŜŎǘǊƻƴƛŎ 
control unit (ECU), this system activates upon detecting EM signatures surpassing a predefined 
magnetic field strength threshold. It compares time intervals between EM peak responses against a 
universal time constant adjusted for the work-zone speed limit, alerting drivers through visual and 
audio cues to potential speed limit exceedances. Another previously explored application is the in-
vehicle lane-merge warning system (Figure 3 and 4), which employed diagonal EM strips to facilitate 
lane changes effectively (Sakulneya & Roesler, 2023). Similar to the speed-warning system, the ECU 
triggers alerts based on EM intensity detections, providing real-time merging instructions (audio and 
visual) in the vehicle. These integrated systems enhance overall safety by promptly informing drivers 
about ǘƘŜ ǾŜƘƛŎƭŜΩǎ speed limit and imminent lane-merging requirement, which should minimize 
accidents and maintain the expected CWZ traffic flow. 

To extend the previous work, a three-axis magnetometer system was employed to improve the 
reliability of EM signatures by incorporating algorithms to cross-check calculated actions across the 
different sensor axes (i.e., x-, y-, and z-axes). The theoretical explanation for the speed and lane-
merge warning system of the 3-axis sensor system are illustrated in Figured 5 and 6, respectively. The 
addition of multiple axes of detection for one sensor provides redundant information to avoid the risk 
of erroneous maneuvers triggered by unexpected EM noise, which could occur on single-axis systems. 
By validating the acquired signals on orthogonal axes before issuing instructions to the vehicle control 
unit, the proposed system ensures more robust performance in diverse operational conditions. 

 

Figure 1. Diagram. Proposed in-vehicle speed-warning system for smart construction work zones. 
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Figure 2. Diagram. Flowchart of the proposed in-vehicle speed-warning system for smart 
construction work zones (1-axis sensing system). 

 

Figure 3. Diagram. Proposed lane-merge warning system for smart construction work zone. 
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Figure 4. Diagram. Flowchart of the proposed lane-merge warning system for smart construction 
work zone (1-axis sensing system). 

 

 

Figure 5. Diagram. Flowchart of the proposed speed warning system for smart construction work 
zone (3-axis sensor system). 



7 

 

Figure 6. Diagram. Flowchart of the proposed lane-merge warning system for smart construction 
work zone (3-axis sensor system). 

Material for Pavement Signage 

In general, the pavement surface has no unique or preferred electromagnetic propeties in any 
directions (Dahal, 2023). The addition of metallic constituents (e.g., iron powder, steel fibers, etc.) 
ŜƴƘŀƴŎŜǎ ǘƘŜ ǇŀǾŜƳŜƴǘΩǎ ŜƭŜŎǘǊƛŎ ŎƻƴŘǳŎǘƛǾƛǘȅ ŀƴŘ ƳŀƎƴŜǘƛŎ ǇŜǊƳŜŀōƛƭƛǘȅΣ ŀƭǘŜǊƛƴƎ ƛǘǎ ǊŜǎǇƻƴǎŜ ǘƻ 
magnetic fields. This change is crucial as it allows for the induction of magnetization within the 
pavement material. According to the principles of magnetization (M), which is defined as the 
magnetic moment per unit volume, it depends on the magnetic flux density (B) and magnetic field 
intensity (H) where, ‘ is the permeability of free space, equal to 4̄ x 10-7 H/m. The relationship 
between M and H is influenced by the ferromagnetic properties of the material. The induced 
magnetic flux density (B) in the pavement material can be significantly increased by incorporating 
ferromagnetic materials with high magnetic permeability such as steel fibers or iron powder ( E˃M), 
compared to normal roadway construction materials ( C˃M). This difference ( E˃M >> ˃ CM) indicates a 
higher concentration of magnetic flux density in sections containing EM materials compared to the 
section without EM materials . Figure 7 illustrates a standard pavement section with uniform (low) 
ƳŀƎƴŜǘƛŎ ǇǊƻǇŜǊǘƛŜǎ ƛƴŦƭǳŜƴŎŜŘ ōȅ ǘƘŜ 9ŀǊǘƘΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘΦ Lƴ ŎƻƴǘǊŀǎǘΣ ǎŜŎǘƛƻƴǎ ŜƴƘŀƴŎŜŘ ǿƛǘƘ 
ferrous materials exhibit a concentrated magnetic flux pattern, distorting the near-surface magnetic 
field. This induced magnetization can be detected by magnetometers, with the magnetic field signal 
strength depending on factors such as magnetic material type, shape, volume, dosage, and distance 
of sensor to material. These modifications enable the creation of distinct electromagnetic signatures 
spatially on or near the pavement surface, enabling vehicle-to-infrastructure applications such as 
vehicle localization in lane and V2I communication like smart construction work zones. 
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Figure 7. Diagram. Comparison of magnetic lines on a standard pavement section and a pavement 
section with channelized magnetic lines. 

Material selection for coating applications requires specific properties, such as the ability to reorient 
magnetic polarity in the preferred direction. Chromium dioxide (CrO2) possesses a low Curie 
temperature (Tc) of around 120°C, which is promising for generating codable magnetic fields in near 
pavement surface or surface coating applications. Tc denotes the threshold above which materials 
lose their permanent magnetic properties in the absence of an external magnetic field. When an 
external magnetic fielŘ ƛǎ ŀǇǇƭƛŜŘ ŀōƻǾŜ ¢ŎΣ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ƛƴǘǊƛƴǎƛŎ ƳŀƎƴŜǘƛŎ ƳƻƳŜƴǘΣ ōƻǘƘ ƛƴ 
direction and strength, can be altered. As the temperature drops below Tc, this induced magnetism 
becomes permanently stamped ŀǎ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ƛƴǘǊƛƴǎƛŎ ƳŀƎƴŜǘƛŎ ƳƻƳŜƴǘΦ This characteristic 
originally allowed magnetic patterns from a master tape, typically made of higher Tc magnetic 

materials, to be permanently transferred to blank recording tapes composed of g-iron oxide or 
chromium dioxide when heated above their respective Tc and subsequently cooled. The Tc of CrO2 
that are embedded in existing paving materials ensures stability under normal roadway conditions 
(e.g., hot summer) and during the magnetic field creation process. For example, when applied as a 
powder on concrete surfaces and magnetized, CrO2 generates a detectable magnetic signature, which 
can be erased by heating above its Tc of 120°C and then renewed again using an external magnetic 
field coupled with heating above a Tc of 120°C (Dahal 2022). 
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CHAPTER 3: INVISIBLE PAVEMENT MARKING FOR PASSIVE 
SENSING 

This chapter develops a procedure to create EM surface markings with ferromagnetic oxides in a host 
material that can be applied as a coating. This development will be demonstrated and validated on a 
field pilot study aimed at assessing the process, material proportions, and implementation of a 
custom EM passive material formulation. This formulation combines CrO2 with an epoxy mastic paint 
base and activator. Additionally, this part of the research involves a detection setup that incorporates 
a 3-axis magnetometer array for capturing and analyzing electromagnetic signatures in three 
orthogonal directions. 

FERROMAGNETIC OXIDE MATERIAL 

The EM material explored in this study was CrO2 as depicted in Figure 8, for its high purity of 99.5% 
and particle size of less than 45 microns, This EM material was mixed with an epoxy mastic paint base 
designed to withstand temperatures up to 150°C. Two mixtures compositions (#1 and #2) were 
formulated (Table 1), where the percentages of epoxy base, epoxy hardener, and CrO2 were adjusted 
with the volume fraction of the epoxy base and epoxy hardener fixed at 1 to 1 as recommended by 
the producer. The CrO2 was varied between the two mixes to evaluate its effect on the signal 
response captured by the 3-axis magnetometer array. 

Table 1. Mix Composition of Invisible Pavement Marking 

Components Mix #1 (% by wt./wt.) Mix #2 (% by wt./wt.) 

Epoxy Base 45% 40% 

Epoxy Hardener 45% 40% 

Chromium Dioxide (CrO2) 10% 20% 

 

 

Figure 8. Photo. Chromium dioxide for invisible pavement marking mixture. 



10 

Mixing Procedure and Magnetization Steps for Invisible EM Pavement Markings 

The weight of each material in Table 1 was batched and then the epoxy base and hardener were 
thoroughly mixed in a container using an electric paint mixer to homogenize the two components. 
CrO2 powder was gradually added to the epoxy paint mixture. The mixing continued until the CrO2 
powder was fully dispersed and uniformly blended, achieving a consistent color throughout the 
mixture to ensure even coating and CrO2 distribution on the pavement surface. 

The CrO2 containing pavement marking was applied to the surface of a concrete substrate using a 4-
inch-wide paint brush. The next step was to establish the desired EM signature on the pavement 
surface through the magnetization process. The magnetization step introduced an external magnetic 
field after the invisible lane-marking coating had sufficiently cured. The magnetization setup is shown 
in Figure 9. Initially, a 2,500 W infrared heating lamp was used to heat the coated specimens, and an 
infrared laser thermometer was used to evaluate when the surface temperature exceeded 120°C. 
Permanent magnets were then positioned 6 inches apart (see Figure 9) at approximately 1 inch above 
the concrete surface, to align the magnetic field of the invisible pavement marking sample. After 
alignment of the sampleΩǎ magnetic field, the ǎǇŜŎƛƳŜƴΩǎ temperature was cooled to below 60°C 
before removing the external magnets over the coated specimens to ensure that the new CrO2 
polarity orientation was fixed. Figure 10 presents the final concrete specimen coated with the 
invisible pavement marking after the magnetization process. For this test series, a green pigment was 
applied to distinguish the marking. Due to the black color of the CrO2 powder, the specimens with a 
darker green hue represented the 20% CrO2 mixture, while the lighter green specimens corresponded 
to the 10% CrO2 mixture. 

 

Figure 9. Diagram. Magnetization setup for invisible pavement marking. 
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Figure 10. Photo. Final concrete specimens (10% and 20% CrO2) with coated invisible pavement 
marking after magnetization. 

3-AXIS MAGNETOMETER ARRAY SETUP 

In order to simulate a vehicle with sensors that can detect the higher magnetic field surrounding the 
invisible lane markings, this study constructed a small cart equipped with an array of 3-axis 
magnetometer sensors, as shown in Figure 11. The cart features six 3-axis fluxgate magnetometers 
arranged in the lower row with a spacing of 6 inches and an upper row containing two additional 3-
axis fluxgate magnetometers specifically designed to mitigate background noise in the test 
environment. The fluxgate magnetometer model used during this experiment was the Stefan Mayer 
FLC3-70, characterized by its measurement capability ranging from ҍ200 µT to 200 µT with a 
maximum bandwidth of 1 kHz. Each 3-axis magnetometer independently detects variations in 
magnetic flux in the X, Y, and Z dimensions. In this study, the X-direction corresponds to the vertical 
axis relative to the vehicleΩs movement path, while the Z-direction represents the forward-moving 
axis direction, and the Y-direction indicates the lateral axis perpendicular to the vehicle movement. 
The magnetometer array setup is called a gradiometer, where the upper row records all background 
magnetic flux density ŎƻƳǇƻƴŜƴǘǎΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ 9ŀǊǘƘΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ ŀƴŘ ƴŜŀǊōȅ ŦŜǊǊƻƳŀƎƴŜǘƛŎ 
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materials (steel, buried utilities, etc.) present around the testing location. By subtracting the upper 
row from the bottom row magnetic field signals, the sensor system effectively captures the intended 
engineered magnetic signature for the work zone instructions or vehicle lane positioning and 
guidance and the background noise is cancelled out or minimized. 

  

Figure 11. Diagram. Magnetometer sensor array setup oriented as gradiometer on a mobile cart. 

EXPERIMENTAL SETUP FOR FIELD PILOT STUDY 

The field pilot study conducted in a parking lot area encompassed a comprehensive range of 
experimental setups of the markings to test the invisible pavement markings and the 3-axis 
magnetometer. As illustrated in Figure 12, invisible pavement markings were placed in various 
orientations (transverse or longitudinal), offset from the centerline (right, left, and variable), and 
strength of magnetic field (commercial magnetic tape, 10% CrO2, or 20% CrO2). The transverse 
orientations of the invisible markings were spaced 9 feet and were analogous to a construction work 
zone application where a speed check or warning would be given to a vehicle. These test cases were 
conducted at different speed conditions, ranging from slow walking pace (<10 km/h), normal walking 
speed (Ғ 10 km/h), and running speed (> 10 km/h). Collectively, this experimental test factorial was 
designed to investigate the sensitivity of the signal responses generated by the EM materials in the 
coatings as well as a means for reading and interpreting the sensor responses to the magnetic field 
changes for near future implementation into a Level 4 autonomous vehicle that would alter the 
vehicle trajectory based on the sensor output. 
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Figure 12. Diagram. Test cases for field pilot experiment in a university parking lot. 



14 

Field Pilot Experimental Results 

Although the fluxgate magnetometer used in this experiment had a bandwidth capacity of up to 
1,000 Hz, the data collection rate was set at 100 Hz, as this frequency was sufficient to capture the 
speeds utilized in the experiment. The raw output of each magnetometer was largely influenced by 
ǘƘŜ 9ŀǊǘƘΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘΣ ǊŀƴƎƛƴƎ ŦǊƻƳ ннΣллл ǘƻ стΣллл ƴ¢ depending on the location and 
orientation of the specimens reading. To extract the distinguishable EM flux patterns from the EM 
signature strips, signal processing for both high- and low-frequency noise components was essential 
because of the significant background noise όŜŀǊǘƘΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘΣ ƭƻŎŀƭƭȅ ōǳǊƛŜŘ ŦŜǊǊƻƳŀƎƴŜǘƛŎ 
materials, and other EMF noise affecting signal output). The signal-processing procedure involved 
several steps to refine the raw output data from the main sensors: 

1. 9ŀŎƘ ǎŜƴǎƻǊΩǎ ƛƴƛǘƛŀƭ ǊŜŀŘƛƴƎ ǿŀǎ ȊŜǊƻŜŘ at approximately t= 0 seconds by subtracting the 
initial data point (magnetic flux reading) from subsequent readings. 

2. .ŀŎƪƎǊƻǳƴŘ ƳŀƎƴŜǘƛŎ ŦƭǳȄΣ ŎƻƳǇǊƛǎƛƴƎ ǘƘŜ 9ŀǊǘƘΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ ŀƴŘ ƴŜŀǊōȅ 
ferromagnetic materials, was minimized using a gradiometer setup where each bottom 
row ǎŜƴǎƻǊΩǎ Řŀǘŀ (e.g., sensor 1 to 6) was adjusted by subtracting the nearest top row 
ǎŜƴǎƻǊΩǎ Řŀǘŀ (e.g., sensors R or L in Figure 11). 

3. High-frequency noise was reduced by using a 4-point moving average technique. 

4. The effect of low-frequency noise was reduced by taking the derivative of the processed 
signal to achieve the rate of change of the EM flux density between consecutive data 

points collected (  ). This processing step also allowed for determining 

more reliable the spacing between EM strips for speed or orientation calculations. 

¢ƘŜ ǎƛƎƴŀƭ ǊŜǎǇƻƴǎŜǎΣ ƛƴŎƭǳŘƛƴƎ ǘƘƻǎŜ ǿƛǘƘ 9ŀǊǘƘΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ ǊŜƳƻǾŜŘ ŀƴŘ Ŧǳƭƭȅ ǇǊƻŎŜǎǎŜŘ 
responses under various moving speed conditions, are detailed in the appendices. One observation 
was that by increasing cart speed, there was increased low-frequency signal noise, which highlighted 
the need for effective filtering to distinguish the unique EM signatures. This chapter focuses on 
evaluating the magnitude of the final processed signal responses from the invisible markings spaced 
along the pilot sections. Detailed discussions on signal-processing techniques will follow in the 
subsequent chapter. The signal responses from five distinct cases are illustrated next. 

Case #1: Lane Departure Layout (Centerline Travel) 

Figure 13 to Figure 15 show the processed signal results of case #1 for the 3-axis magnetometer array 
under slow moving speed condition. The maximum signal was between sensors 3 and 4 (spaced 6 
inches apart) in Figure 13. The shape of the signals was consistent for the four invisible marking 
specimens, but the magnitude level reflected the amount of CrO2 (last two signals) or if the cart and 
one of sensors (#3) passed closely over the invisible marking specimen (see time 20 to 21 seconds). 
The magnetic tape at the beginning of the section was detected but generally below the acceptable 
threshold of 300 nT. 
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Figure 13. Graph. Processed DEM Flux in X-direction with time for Case #1. 

In Figure 14, the y-axis magnetometer (lateral detection of magnetic field) had relatively low signal 
strength except for the 20% CrO2 specimens. The specimen was between sensors 3Y and 4Y as the 
cart passed over it. The magnetic tape at the beginning of the section was detected but below the 
acceptable threshold of 300 nT for the y-axis sensors (3Y and 4Y). The absolute value of the peaks in 
the y-axis correspond to the times of the peaks of the x-axis sensors (Figure 13). 

 

Figure 14. Graph. Processed DEM Flux in Y-direction with time for Case #1. 

In Figure 15, the z-axis magnetometer (forward detection of magnetic field) had higher signal 
strength than the y-axis sensors but signal clarity for some specimens was not as good and repeatable 
as seen in the x-axis sensors. The highest signal came from the 20% CrO2 specimens. Again, the 
activated sensors were 3Z and 4Z. The magnetic tape at the beginning of the section was not 
detectable even though there was a signal recorded at 18 seconds for sensor 5Z. The absolute value 
of the peaks in the y-axis correspond to the times of the peaks of the x-axis sensors. Even with 
filtering, the signal still has around ±100 nT of baseline noise. 
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Figure 15. Graph. Processed DEM Flux in Z-direction with time for Case #1. 

Case #2: Lane Departure Layout (Right Edge) 

Figure 16 to Figure 18 show the processed signal results of case #2 for the 3-axis magnetometer array 
under slow moving speed condition. The EM signatures were placed longitudinally along the right 
edge of the sensor array. As shown in Figure 16, the x-axis signals peaked predominantly at sensor 2, 
followed by sensor 1 for the four invisible marking specimens. The magnitude of the signals was 
strongly influenced by the CrO2 content, with the last two signals (occurring between 24 to 25 
seconds and 26.5 to 27.5 seconds) significantly surpassing the 10% CrO2 content. Although the 

magnetic tape at the beginning of the section was detected, its DEM flux remained noticeably low. 
While the magnitude of the raw EM flux from the magnetic tape was generally higher than that of the 
invisible marking specimens, the EM flux change of the tape was more gradual. Consequently, the 

DEM of the invisible marking specimens was more prominent compared to that of the magnetic tape. 

 

Figure 16. Graph. Processed DEM Flux in X-direction with time of Case #2. 

In Figure 17, the y-axis magnetometer (lateral detection of the magnetic field) exhibited relatively low 
ǎƛƎƴŀƭ ǎǘǊŜƴƎǘƘΣ ǿƛǘƘ ǘƘŜ нл҈ /Ǌhі ǎǇŜŎƛƳŜƴǎ ǇǊƻŘǳŎƛƴƎ ǘƘŜ ƘƛƎƘŜǎǘ ǎƛƎƴŀƭ ǎǘǊŜƴƎǘƘ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ 
other specimens. The observable signals were predominantly detected by sensors 1, 2, and 3. This 
pattern can be attributed to the fact that these sensors were nearest to the offset specimens from 
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the centerline. When the cart, passed directly over the EM specimens, sensors 1 and 2 were more 
likely to detect the lateral flux generated by the specimens. 

 

Figure 17. Graph. Processed DEM Flux in Y-direction with time of Case #2. 

In Figure 18, the z-axis magnetometer (forward detection of the magnetic field) exhibited higher 
signal strength compared to the y-axis sensors; however, the clarity of the magnetic tape signal was 
not as distinct, similar to the x-ŀȄƛǎ ǊŜǎǳƭǘǎΦ ¢ƘŜ ƘƛƎƘŜǎǘ ǎƛƎƴŀƭ ǿŀǎ ŘŜǘŜŎǘŜŘ ŦǊƻƳ ǘƘŜ нл҈ /Ǌhі 
specimens, with sensor 2 recording the strongest signal, which aligned well with the signals observed 

in the other axes. Unexpected DEM noise, approximately 300 nT in the x-axis and 900 nT in the z-axis, 
was observed at around 25.2 seconds on sensor 1. These anomalies could be attributed to 
interference from a strong magnetic source beneath the parking lot, such as an electrical cable. 

 

Figure 18. Graph. Processed DEM Flux in Z-direction with time of Case #2. 

Case #3: Lane Departure Layout (Left Edge) 

Figure 19 to Figure 21 show the processed signal results of case #3 for the 3-axis magnetometer array 
under slow moving speed condition. The EM specimens were placed longitudinally along the left edge 
of the sensor array. In Figure 19, the x-axis magnetometer (vertical detection) shows that sensor 5 
captured the highest signal strength, aligning with the placement of the EM specimens near the left 
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ŜŘƎŜ ƻŦ ǘƘŜ ŀǊǊŀȅΦ ¢ƘŜ нл҈ /Ǌhі ǎǇŜŎƛƳŜƴǎ ŘƛǎǇƭŀȅŜŘ ǘƘŜ ǎǘǊƻƴƎŜǎǘ ǎƛƎƴŀƭǎΣ ǇŀǊǘƛŎǳƭŀǊƭȅ ōŜǘǿŜŜƴ н6.5 
and 27 seconds. The magnetic tape at the beginning of the section was detected but exhibited lower 

DEM flux compared to the invisible marking specimens. 

 

Figure 19. Graph. Processed DEM Flux in X-direction with time of Case #3. 

In Figure 20, the y-axis magnetometer (lateral detection of the magnetic field) displayed relatively 
ƭƻǿ ǎƛƎƴŀƭ ǎǘǊŜƴƎǘƘΣ ŜȄŎŜǇǘ ŦƻǊ ǘƘŜ нл҈ /Ǌhі ǎǇŜŎƛƳŜƴǎΦ ²ƘƛƭŜ ǎŜƴǎƻǊ р remained, the primary sensor 
detecting the signals, some detectable responses were also observed on sensors 4 and 6. These 
additional responses can be attributed to the lateral flux influence as the cart passed over the EM 
specimens, causing the nearby sensors to capture some lateral magnetic field variations. 

 

Figure 20. Graph. Processed DEM Flux in Y-direction with time of Case #3. 

In Figure 21, the z-axis magnetometer (forward detection) produced higher signal strengths than the 
y-axis and remained consistent in time and peak sensor with the results from the x-axis. The highest 
signal was recorded at sensor 5, correlating with the placement of the EM specimens near the left 
edge of the array. The ambient EM noise remained below 300 nT, indicating there were no significant 
external disturbances in the z-direction of the signal data in this trial. 
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Figure 21. Graph. Processed DEM Flux in Z-direction with time of Case #3. 

Case #4: Lane Departure Layout (Wandering Motion) 

Figures 22 to 24 present the processed signal results of case #4 for the 3-axis magnetometer array, 
where the EM specimens were placed strategically to simulate a wandering motion of the cart 
despite the cart actually moving straight forward. This configuration included a magnetic tape placed 
along the centerline of the path, followed by alternating invisible marking specimens positioned along 
the right and left edges of the sensor array. Specifically, one invisible marking specimen was placed 
on the right edge, the next on the left edge, followed by a 20% CrO2 specimen on the left edge, and 
finally, the last specimen on the right edge. 

In Figure 22, the x-axis magnetometers (vertical detection) revealed distinct peaks for different 
sensors that corresponded to the placement of the invisible marking specimens. The highest signals 
observed at each specimen were the following in sequence: sensor 2, followed by sensor 5, with 
another peak at sensor 5, and concluding with signals at sensor 2 (See Figure 22). The signal patterns 
were consistent with the position of the sensors on the cart relative to the EM specimens. The 20% 
/Ǌhі ǎǇŜŎƛƳŜƴ ƎŜƴŜrated the most prominent peak because of the higher concentration of 
ferromagnetic material. In contrast, the magnetic tape, positioned along the ǇŀǘƘΩǎ ŎŜƴǘŜǊƭƛƴŜ, 

exhibited the lowest DEM flux compared to all invisible marking specimens. 

 

Figure 22. Graph. Processed DEM Flux in X-direction with time of Case #4. 
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In Figure 23, the y-axis magnetometer (lateral detection) detected weaker signals overall compared 
to the x-axis, but the sensors still followed the pattern of the invisible marking specimens but slightly 
different than Figure 22Φ !ǎ ŜȄǇŜŎǘŜŘΣ ǘƘŜ нл҈ /Ǌhі ǎǇŜŎƛƳŜƴ ǇǊƻŘǳŎŜŘ ǘƘŜ Ƴƻǎǘ ǎƛƎƴƛŦƛŎŀƴǘ ǇŜŀƪ ƛƴ 
the y-axis. The last two invisible marking specimens recorded the dominant signal on sensors 4, 5, 
and 6, followed by sensors 1, 2, and 3, respectively. 

 

Figure 23. Graph. Processed DEM Flux in Y-direction with time of Case #4. 

In Figure 24, the z-axis magnetometer (forward detection) showed consistent peak signals aligning 
with the positions of the invisible marking specimens. The strongest peaks were found at sensors 2 
and 5, correlating well with the data from the x-axis in Figure 22Φ ¢ƘŜ нл҈ /Ǌhі ǎǇŜŎƛƳŜƴ ŘƛǎǇƭŀȅŜŘ 

the highest signal, while the magnetic tape produced a lower and less distinct DEM flux. 

 

Figure 24. Graph. Processed DEM Flux in Z-direction with time of Case #4. 

Case #5: CWZ Layout (Speed Warning Setup) 

Figure 25 to Figure 27 show the processed signal results of case #5 for the 3-axis magnetometer array 
under slow moving speed condition for the speed warning configuration in a CWZ. In Figure 25, the x-
axis magnetometer (vertical detection) demonstrated noticeable peak signals for both the magnetic 
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specimens, showing a similar ƛƴǘŜƴǎƛǘȅ ǘƻ ǘƘŜ ƳŀƎƴŜǘƛŎ ǘŀǇŜΦ IƻǿŜǾŜǊΣ ǘƘŜ мл҈ /Ǌhі ǎǇŜŎƛƳŜƴǎ ŦŀƛƭŜŘ 

to generate distinguishable signals, with DEM flux values below 300 nT. Furthermore, for the CWZ 
setup, simultaneous peak responses from sensors 3 and 4 were expected, and as shown in this figure, 
both sensors peaked at the same time, confirming the intended output of the system. 

 

Figure 25. Graph. Processed DEM Flux in X-direction with time of Case #5. 

In Figure 26, the y-axis magnetometer (lateral detection) did not show any distinguishable peaks, and 
signals were weak across all specimens (< 300 nT), including the magnetic tapes. The absence of clear 
peaks indicates that the y-axis detection did not capture significant lateral variations in the magnetic 
flux from either the magnetic tapes or the invisible marking specimens for this transverse orientation 
of the EM specimens. 

 

Figure 26. Graph. Processed DEM Flux in Y-direction with time of Case #5. 

In Figure 27, the z-axis magnetometer (forward detection) produced distinct peaks corresponding to 
ǘƘŜ ƳŀƎƴŜǘƛŎ ǘŀǇŜ ŀƴŘ нл҈ /Ǌhі ǎǇŜŎƛƳŜƴǎΦ ¢ƘŜ ǎƛƎƴŀƭǎ ŦǊƻƳ ǘƘŜ нл҈ /Ǌhі ǎǇŜŎƛƳŜƴǎ ŀƭƛƎƴŜŘ ǿŜƭƭ 
with those observed in the x-axis, further supporting the reliability of the transverse setup for speed 
warning in CWZ applications. As with the x-ŀȄƛǎΣ ǘƘŜ мл҈ /Ǌhі ǎǇŜŎƛƳŜƴǎ ŦŀƛƭŜŘ ǘƻ ƎŜƴŜǊŀǘŜ ŎƭŜŀǊ 
signals, with flux values consistently below 300 nT. Additionally, the simultaneous peak responses 
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from sensors 3 and 4 in the z-ŀȄƛǎ ŦǳǊǘƘŜǊ ǾŀƭƛŘŀǘŜŘ ǘƘŜ ǎȅǎǘŜƳΩǎ ŀōƛƭƛǘȅ ǘƻ ŘŜǘŜŎǘ 9a ǎƛƎƴŀƭǎ 
consistently when the cart passed over the specimens, as expected in the CWZ setup. 

 

Figure 27. Graph. Processed DEM Flux in Z-direction with time of Case #5. 

The results of the field pilot study show that all sensors and respective axes can detect a signal if the 
EM specimen is in very close proximity to the sensor. The magnitude of the signal output depended 
on the relative distance between the EM specimen and the sensor. The x-axis sensor produced the 
largest signals overall followed by the z-direction, which closely followed the time activation as the x-
axis sensor. The y-axis sensor had the lowest signal strength for all specimen layout and orientations. 

  

-1500

-1200

-900

-600

-300

0

300

600

900

1200

1500

14 15 16 17 18 19 20 21 22 23 24 25 26 27

ȹ
E

M
 F

lu
x
 i
n
 Z

-a
x
is

, 
n

T

Time Stamp, Second

1Z 2Z 3Z 4Z 5Z 6Z



23 

CHAPTER 4: EXPERIMENTAL SETUP FOR PASSIVE EM SENSING 
SIGNATURES FOR CWZ 

The goal of this chapter was to further investigate the applicability of EM signatures generated by 
invisible markings under various configurations and patterns especially looking at coded signatures 
that communicate a warning or required/optional maneuver to a vehicle. For example, these EM 
pavement signatures in distinct orientation and patterns can be identified and provide specific 
instructions for vehicles approaching, traversing, or exiting a construction work zone. These V2I 
safety instructions could be speed warnings, lane-merge warnings, lane-keeping assistance, or 
entrance/exit ramps. Unlike the initial pilot study, which had five EM specimens, the field 
experimental setup involved an extended test section with eight EM strips with the ability to run the 
test at several cart speeds.  

EXPERIMENTAL SETUP 

The experimental setup for this phase maintained the invisible marking composition used in the initial 
pilot study but with only 20% of CrO2. Figure 28 illustrates the magnetization setup and specimen size 
specifically for this expanded test matrix. The invisible marking was now 28 inches long instead of 15 
inches in the pilot study (Chapter 3). The sensor configuration on the cart also was adjusted, with 
sensors positioned 8 inches above the ground (instead of 10 inches in the pilot study) and equipped 
with a GPS camera (GoPro HERO11), as shown in Figure 29.  

The invisible marking strip patterns tested in this field experiment include the speed warning 
signatures, lane-merge warning signatures, and lane-keeping signatures for construction work zones, 
which are illustrated in Figure 30 and detailed in Cases #1 to #3 in Table 2. Figure 31 is an example of 
the field experimental setup in a parking lot near Newmark Laboratory on campus. This experiment 
was conducted at the highest possible speed the cart could achieve in order to observe the recorded 
EM signatures relative to previous slow-moving experiments and to recheck the accuracy of the back-
calculated speed from the speed warning setup. These test cases were performed under running 
speed conditions exceeding 10 km/h (See Figure 31c). 
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Figure 28. Diagram. Magnetization setup for invisible marking for field experiment. 

 

Figure 29. Diagram. Magnetometer sensor array setup. 

Table 2. Cases with Strip Number and Inclination Angle for Speed and Lane-Merge Warning Test 

Case 
Number 

Inclination 
angle of 
strip #1 

Inclination 
angle of 
strip #2 

Inclination 
angle of 
strip #3 

Inclination 
angle of 
strip #4 

Inclination 
angle of 
strip #5 

Inclination 
angle of 
strip #6 

Inclination 
angle of 
strip #7 

Inclination 
angle of 
strip #8 

1 90 90 90 90 90 90 90 90 

2 90 90 90 90 60 60 60 60 

3 180 180 180 180 180 180 180 180 
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Figure 30. Diagram. Schematic for experimental setup of speed and lane-merge warning. 

 

A. Front view of sensor and data collection cart setup 

 

B. Rear view of cart setup 
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C. Field experimental setup sample with moving cart 

Figure 31. Photo. Field experimental setup with cart traversing over transverse specimens in a 
parking lot near the Newmark research laboratory. 

FIELD EXPERIMENTAL RESULTS 

Speed Warning Signatures 

Signal Processing for EM Signatures 

This section will first discuss the signal-processing requirements for interpreting correctly the speed 
warning EM signatures. Figure 32 illustrates the raw EM flux density for 3-axis magnetometers along 
the cart path for Case #1, where all strips are 90° from the direction of travel. Figure 32 demonstrates 
the variation in initial EM flux values across all sensors (2 to 5) and axes, which was attributable to 
both the EarthΩs magnetic field and local magnetic disturbances. To accurately interpret the signals 
from each axis, it was essential to normalize each sensor to the initial values. Next, the background 
magnetic flux (earth and other local environmental factors) was removed further by subtracting the 
signal data from the nearest top row sensor signal. 

Figure 33 shows the EM flux for the X-axis sensor after normalizing the signal to the initial data points 
and removing the background magnetic flux for Case #1. Note, the high- and low-frequency noise 
persisted in these processed signals. To address high-frequency noise, a 4-point moving average 
technique was applied, with the resulting EM flux shown in Figure 34. Low-frequency noise was 
further reduced by taking the stepwise differential of each data point relative to its preceding point 
όɲ9a/ɲi), as depicted in Figure 35. In the final step, signals below ±200 nT threshold were filtered out 
as shown in Figure 36 to focus on the primary signals representing the encoded EM signature. 

Figures 32 through 36 illustrate the progression from raw to fully processed EM flux signals for the X-
axis sensors 2 to 5. Figures 32 through 36 illustrate the progression from raw to fully processed EM 
flux signals for the X-axis sensors 2 to 5. For the EM flux in the Y and Z axes, similar processing steps 
are detailed in the appendices, with fully processed signals shown in Figures 37 and 38 for the Y- and 
Z-axes, respectively. From the results obtained in Figures 36 to 38, the X-axis exhibited the highest 
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signal magnitudes and successfully captured all eight peak signals corresponding to the eight 
transverse specimen strips. However, two peak signals were missed in the Y-axis (around 12.1 and 
16.7 seconds), and one peak signal was undetected in the Z-axis (around 17.4 seconds). Because the 
Y-and Z-axes captured flux on the lateral plane to the moving direction, their ability to detect signals 
was more sensitive to the vertical distance between the sensor and the EM source compared to the 
X-axis. In contrast, the X-axis demonstrated consistent and reliable EM flux detection across the 
specimens and setup. 

Verification of Processed EM Signatures for Speed Warning Signatures 

The final processed EM signatures for the 3-axis of the magnetometer sensors are illustrated in 
Figures 36 to 38. They revealed distinct and consistent patterns in both the X-axis and Z-axis 

directions. The responses from the signal-processed data with DEM flux values below the absolute 
value of 150 nT were excluded to make the speed calculation more automated. Figure 39 provides an 
example of the X-axis responses for the first two EM strips, as recorded by sensors 2 through 5. To 
determine what value of time should be selected for ǘƘŜ ŎŀǊǘΩǎ speed calculation, the peak of the 
differentiated EM flux was selected because it represents the point of maximum rise in the EM flux 
signal. This peak signal is approximately when the cart is beginning to move across the EM strip. For 
instance, as shown in Figure 39, the time stamp for the peak response of the first EM strip is 12.18 
seconds, while the peak response of the second strip occurs at 13.06 seconds. These time intervals 
translate to an approximate speed of 12 km/h. 

To validate the accuracy of the calculated cart speed derived from the peak responses of the EM 
strips, these calculations were compared with the GPS speed recorded by the GPS camera on the 
cart, as detailed in Table 3 and 4. Furthermore, a comparison between the z-axis and x-axis calculated 
speeds, as observed in Table 3 and 4, showed that the average speed derived from the peak 
responses of the EM strips correlated well between the x-axis and z-axis. 
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Figure 32. Graph. Raw sensor signals (EM flux) for 3-axis magnetometer sensors 2 to 5 (Case #1). 

 

Figure 33. Graph. X-axis signals (EM flux) for sensors 2 to 5 after normalizing signal to time zero 
data points and subtracting out background magnetic flux (Case #1). 
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Figure 34. Graph. High-frequency filtered responses (DEM flux) for the X-axis of sensors 2ς5 (Case #1). 

 

Figure 35. Graph. Low-frequency filtered responses (DEM flux) for the X-axis of sensors 2ς5 (Case #1). 
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Figure 36. Graph. Signal-processed responses (DEM flux) for the X-axis of sensors 2ς5 (Case #1). 

 

Figure 37. Graph. Signal-processed responses (DEM flux) for the Y-axis of sensors 2ς5 (Case #1). 
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Figure 38. Graph. Signal-processed responses (DEM flux) for the Z-axis of sensors 2ς5 (Case #1).  

 

Figure 39. Graph. Example of two consecutive processed signals (DEM flux) with peaks for the X-
axis of sensors 2 to 5 (Case #1τCart Speed). 
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Figure 40. Graph. Example of two consecutive processed signals (DEM flux) with peaks for the Z-
axis of sensors 2 to 5 (Case #1τCart Speed). 

Table 3. Calculated Cart and GPS Speeds of Test Case#1 for X-axis and Z-axis Magnetometer 

Time Stamp (s) at 
Peak in X-Axis 

EM 
Strip 1 

EM 
Strip 2 

EM 
Strip 3 

EM 
Strip 4 

EM 
Strip 5 

EM 
Strip 6 

EM 
Strip 7 

EM 
Strip 8 

Sensor 2  12.18 13.06 13.82 14.54 15.26 15.94 16.62 17.34 

Sensor 3 12.18 13.06 13.82 14.54 15.26 15.94 16.62 17.34 

Sensor 4 12.18 13.06 13.82 14.54 15.26 15.94 16.62 17.34 

Sensor 5 12.18 13.06 13.82 14.54 15.26 15.94 16.62 17.34 

Calculated Speed 
(km/h) 

ς 12 14 15 15 16 16 15 

GPS Speed (km/h) ς 12ς13 14ς15 15 15 15 15 15ς14 

Table 4. Calculated Cart and GPS Speeds of Test Case#1 for Z-axis Magnetometer 

Time Stamp (s) at 
Peak in Z-Axis 

EM 
Strip 1 

EM 
Strip 2 

EM 
Strip 3 

EM 
Strip 4 

EM 
Strip 5 

EM 
Strip 6 

EM 
Strip 7 

EM 
Strip 8 

Sensor 2  12.22 13.06 13.86 14.54 15.26 15.94 16.66 NA 

Sensor 3 12.18 13.06 13.86 14.54 15.26 NA 16.66 NA 

Sensor 4 NA 13.06 13.86 14.54 15.26 15.94 16.66 NA 

Sensor 5 12.18 13.06 13.86 14.54 15.26 15.94 16.66 NA 

Calculated Speed 
(km/h) 

ς 12 14 16 15 16 15 NA 

GPS Speed (km/h) ς 12ς13 14ς15 15 15 15 15 15ς14 
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Lane-Merge Warning Signatures 

Signal Processing for EM Signatures 

The signal-processing techniques for lane-merge warning signatures followed the same approach as 
for speed warnings. Figure 41 illustrates raw EM flux variations for lane-merge test cases, influenced 
similarly by both the EarthΩs magnetic field and local disturbances. The standardization process 
involved adjusting initial readings, mitigating background EM flux, and applying filtering techniques to 
refine the data for calculations. The final processed EM flux for these signatures is presented in 
Figures 42 to 44.  

 

Figure 41. Graph. Raw sensor signals (EM flux) for 3-axis magnetometer sensors 2 to 5 (Case #2). 
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Figure 42. Graph. Signal-processed responses (DEM flux) for X-axis sensors 2ς5 (Case #2). 

 

Figure 43. Graph. Signal-processed responses (DEM flux) for Y-axis sensors 2ς5 (Case #2). 
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Figure 44. Graph. Signal-processed responses (DEM flux) for Z-axis sensors 2ς5 (Case #2). 

Verification of Processed EM Signatures for Lane-Merge Warning Signatures 

For the lane-merge warning system, the results from Case #2, which included four series of EM strips 
at a 90-degree inclination and four series at a 60-degree inclination, were used for verification. Figure 
45 provides an example of peak observations for EM strip number 4 (90-degree inclination) and EM 
strip number 5 (60-degree inclination) within the lane-merge scenario. The processed data and 
calculations from Case #2 are detailed in Table 5 and 6, including comparisons of back-calculated 
speed, GPS speed, and lane-merge actions. The time differences of peak responses from sensors on 
the left, center, and right of the cart were analyzed to determine the suggested merge-direction, as 
shown in Table 5 and 6. 
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Figure 45. Graph. Example of two consecutive processed signals (DEM flux) with observable peaks 
for sensors 2 to 5 in the X-axis direction (Case #2τcart speed and merging direction). 

 

Figure 46. Graph. Example of two consecutive processed signals (DEM flux) with observable peaks 
for sensors 2 to 5 in the Z-axis direction (Case #2τcart speed and merging direction). 
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Table 5. Comparison of Back-Calculated and GPS Cart Speed of Test Case #2 for X-axis Magnetometer 

Time Stamp (s) at Peak in 
X-axis 

Strip 
#1 

Strip 
#2 

Strip 
#3 

Strip 
#4 

Strip 
#5 

Strip 
#6 

Strip 
#7 

Strip 
#8 

Sensor 2 (R) 11.1 11.90 12.58 13.26 13.86 14.5 15.14 15.78 

Sensor 3 11.1 11.90 12.58 13.26 13.90 14.5 15.14 15.82 

Sensor 4 11.1 11.90 12.58 13.26 13.90 14.54 15.18 15.82 

Sensor 5 (L) 11.1 11.90 12.58 13.26 13.94 14.54 15.18 15.9 

Average Speed (km/h) ς 14 16 16 17 18 17 16 

GPS Speed (km/h) ς 13ς15 15ς16 16ς17 17 17 17 16ς14 

ɲ¢r (Sensor 2) 0.00 0.80 1.48 2.16 2.76 3.40 4.04 4.68 

ɲ¢c, (Sensor 3 & 4) 0.00 0.80 1.48 2.16 2.80 3.42 4.06 4.72 

ɲ¢l (Sensor 5) 0.00 0.80 1.48 2.16 2.84 3.44 4.08 4.80 

Suggested Lane-Merge 
Action 

ς ς ς ς LEFT LEFT LEFT LEFT 

Table 6. Comparison of Back-Calculated and GPS Cart Speed of Test Case #2 for Z-axis Magnetometer 

Time Stamp (s) at Peak in 
Z-axis 

Strip 
#1 

Strip 
#2 

Strip 
#3 

Strip 
#4 

Strip 
#5 

Strip 
#6 

Strip 
#7 

Strip 
#8 

Sensor 2 (R) 11.1 11.9 12.62 13.26 13.9 NA 15.14 15.82 

Sensor 3 11.1 11.9 12.62 13.26 13.9 14.54 15.18 15.82 

Sensor 4 11.1 11.9 12.62 13.26 13.94 14.54 15.18 15.9 

Sensor 5 (L) 11.1 11.9 12.62 13.26 13.94 14.62 15.22 15.98 

Average Speed (km/h) ς 14 15 17 17 18 17 16 

GPS Speed (km/h) ς 13ς15 15ς16 16ς17 17 17 17 16ς14 

ɲ¢r (Sensor 2) 0.00 0.80 1.52 2.16 2.80 NA 4.04 4.72 

ɲ¢c, (Sensor 3&4) 0.00 0.80 1.52 2.16 2.82 3.44 4.08 4.76 

ɲ¢l (Sensor 5) 0.00 0.80 1.52 2.16 2.84 3.52 4.12 4.88 

Suggested Lane-Merge 
Action 

ς ς ς ς LEFT LEFT LEFT LEFT 

 

Lane-Keeping Signatures 

Signal Processing for EM-Sensing Signatures 

For lane-keeping signatures, the signal-processing employed the same methodology as described for 
speed and lane-merge warnings. Figure 47 depicts the raw EM flux sensor data as the cart path for 
the lane-keeping cases. The processing steps included normalizing the data, mitigating background 

magnetic flux, and applying high- and low-frequency filters. The processed DEM flux across the three 
axes is shown in Figures 48 to 50. 
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