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ABSTRACT
In autonomous driving vehicles, recognizing objects in the environment, such as other vehicles, pedestrians, crossroads,
lanes, and curbs, is necessary. Curbs separate roads from sidewalks, and if they are properly detected and recognized,
autonomous vehicles would be prevented from accidentally encroaching onto sidewalks. Various distance-measuring sensors
such as radars, lidars, stereovision sensors, and ultrasonic sensors can be used to obtain a vehicle’s distance from the curb.
However, a cost-effective curb-detection and recognition system that is robust under various weather and light conditions is
desirable for most vehicles. Automotive ultrasonic sensors are good candidates for this application owing to their low cost, and
as they are already widely used in most vehicles—especially for parking assistance. Although ultrasonic sensors are useful for
measuring distances to curbs, their observed performance during our field tests was poor, with frequent outliers and unreliable
distance outputs. We thus attempted to overcome these limitations by using multiple ultrasonic sensors simultaneously. We
tested an averaging algorithm and a majority-voting algorithm as distance-estimation algorithms using measurements from
three ultrasonic sensors mounted on a vehicle. The distance-estimation performance obtained was improved but still
insufficient for reliable curb detection. We found that the measurements were sometimes being made from the ground instead
of the curb, which significantly degraded the distance-estimation performance. The ultrasonic wave transmitted from the
sensor can be reflected from any object within the beam width of the antenna attached to the sensor, even when the antenna is
properly oriented toward the curb. We therefore present ground-reflection elimination algorithms for ultrasonic sensors for
enhanced distance-estimation performance and verify their effectiveness through field tests. Three ultrasonic sensors were
installed on the lower side of a vehicle for the experiment. We compared the distance-estimation performance with and without
the ground-reflection elimination and demonstrated significant performance enhancement with the proposed algorithms.
INTRODUCTION
The technologies used for autonomous driving vehicles include environment recognition, precise positioning, and decision
making for unexpected situations. In particular, recognition of objects in the environment such as other vehicles, pedestrians,
crossroads, lanes, and curbs is an important technology. Among these various surrounding environmental objects, curbs are
important for driving situations. Curbs are stones that separate roads and sidewalks. In order to prevent autonomous vehicles
from accidentally encroaching onto sidewalks, it is necessary to accurately detect and recognize curbs. A curb-detection
technology is also applicable for implementing an automatic pull-over system that automatically pulls over a vehicle to the
curb in an emergency situation such as the heart attack of a driver.
Various distance-measuring sensors such as radars, light detection and rangings (lidars), stereovision sensors, and ultrasonic
sensors can be used to provide the vehicle’s distance to the curb. The measured distance information can be used for curb
detection and recognition. For the purpose of measuring the distance to the curb, the majority of studies in the extant literature
comprise the use of 3D lidars and stereovision sensors because of their good performance under good weather and light
conditions [1]–[7]. However, there are three disadvantages of using lidars: high price, existence of blind spots, and the
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dependency of its accuracy on the weather. In general, the price of a 3D lidar is too high for use in most vehicles. In addition,
the existence of a blind spot is another weak point of lidars. Lidars are generally attached to the roof of the vehicle in order to
obtain a 360° view of the surroundings. As the roof of the vehicle prevents the lidar from observing objects below it, lidar
cannot be used to detect objects near the bottom of the vehicle. This can be a critical problem in the case of its use in curbdetection systems as the curb may be located very close to the vehicle. Lastly, their performance is degraded in harsh weather
such as rain or snow [8]. Vision sensors also encounter a problem in curb-detection applications. The performance of vision
sensors is largely impacted by light conditions. They are significantly influenced by shadows, brightness, weather, etc.
Therefore, a sensor that is cost-effective and robust under various weather and light conditions is desired for curb-detection and
recognition systems in most vehicles.
Automotive ultrasonic sensors are good candidates for the aforementioned application owing to their low cost and as they
are already widely used in most vehicles—especially for parking assistance [9],[10]. Although the ultrasonic sensors are useful
for measuring vehicle distances to curbs, their observed performance is poor with frequent outliers and unreliable distance
outputs. This is because the accuracy and reliability of a single ultrasonic sensor is not high as compared with other sensors
such as lidars. Considering the lower performance of ultrasonic sensors, it is understandable that they have not been considered
effective for measuring the distance from a vehicle to a curb in the extant literature. We attempted to overcome these
limitations by using multiple ultrasonic sensors simultaneously. We tested an averaging algorithm and a majority-voting
algorithm as simple distance-estimation algorithms using the measurements from three ultrasonic sensors mounted on a vehicle.
The obtained distance-estimation performance was improved but still insufficient for reliable curb detection.
After careful observations, we found that the measurements were made from the ground instead of the curb, which
significantly degraded the distance-estimation performance. The ultrasonic wave transmitted from the sensor can be reflected
from any object within the beam width of the transmitter attached to the sensor even when the sensor is properly oriented
toward the curb. This phenomenon is called ground reflection or ground echo [11]–[13]. In this paper, we present a groundreflection elimination algorithm for ultrasonic sensors in order to enhance the obtained distance-estimation performance and
verify the effectiveness of the proposed algorithm through field tests. Three ultrasonic sensors were attached to the lower side
of a vehicle for the experiment. The ground-reflection elimination algorithm is introduced in the following sections. In order to
use the algorithm without a serious decrease in system availability, it is necessary to use multiple mutually complementary
sensors. Therefore, an algorithm with multiple sensors is described in the last section, and the conclusions of this study are
presented at the end of this paper.
CURB DETECTION USING A SINGLE ULTRASONIC SENSOR
An important feature of an ultrasonic sensor is that a single sensor can detect only one point of an object at a time. For
instance, if the signal transmission rate of an ultrasonic sensor is 10 Hz, only 10 measurements can be obtained in a second. In
order to detect an object with high accuracy and reliability, it is important to obtain a sufficient number of measurements. The
structure of an ultrasonic sensor we used in our study is illustrated in Fig. 1. The specifications of this ultrasonic sensor are
shown in Table I. In order to implement a cost-effective curb-detection system, this ultrasonic sensor was selected because a
single sensor costs under USD 15. All the measurements presented in this paper are collected by installing this sensor on the
side of a vehicle to obtain its distance to a curb.

Figure 1. Structure of the ultrasonic sensor for curb detection.

225

Table 1. Specifications of the ultrasonic sensor used.
Frequency of ultrasonic sound

40 kHz

Frequency of measurement

10 Hz

Beam angle

15°

Minimum detection range

2 cm

Maximum detection range

10 m

Resolution

0.1 cm

Operation voltage

5V

Figure 2. Ordinary curb-detection scenario.
Figure 2 shows a simplified scenario in which the sensor detects curbs. The sensor is directed toward the curb, and the
ultrasonic beam angle of the sensors is approximately 15°. Figure 3(a) shows a sample measurement from the sensor that is
detecting a curb in the static condition. The actual distance between the sensor and the curb is set as 1.6 m. The maximum error
in the measurements is 0.01 m, and it can be stated that the sensor provides stable outputs with high accuracy.

Figure 3. (a) Curb-detection measurements in static condition.
(b) Curb-detection measurements in dynamic condition.
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However, the performance of the sensor is different in the dynamic condition. Figure 3(b) shows a sample measurement
from the sensor that detects the curb under dynamic conditions, which means that the vehicle is moving. As the vehicle moves,
the distance between the sensor and the curb changes. The actual distance between the sensor and curb is maintained 1.5 m at a
constant speed. The maximum error in the measurements in Fig. 3(b) is 0.62 m, which is much greater than that in the static
condition. This is because external influences are generated owing to the movement of the vehicle, such as wind flow,
vibration, and the orientation of the vehicle. These influences change the orientation of the sensor slightly for every detection.
Therefore, the sensor cannot collect data from a desired point on the curb in every detection. The sensor often measures the
distance to other surrounding objects instead of the distance to the curb. Although there are various environmental objects on
the roadside, the ground is the most commonly occurring object that the sensor detects other than curbs. The reflection from
the ground instead of the curbs is referred to as the ground-reflection effect in this paper. The analysis of the ground-reflection
effect is detailed in the next section.
ELIMINATION OF THE GROUND-REFLECTION EFFECT
As indicated in Fig. 2, the ultrasonic beam has a width of 15°. This means that an object can be detected when it is within
the beam angle. This is a great difference between ultrasonic sensors and lidars. Lidars detect objects with a narrow laser beam.
When the beam is narrow, the reflecting surface of the object can be assumed to be a point. However, when the beam is wide,
such as in the case of ultrasonic sound, the reflection surface cannot be assumed to be a point. In this case, the transmitted
ultrasonic signal is reflected from a number of points on various objects. However, from among these reflection surfaces, only
one point is detected because an ultrasonic sensor cannot detect multiple reflection signals. The ultrasonic sensor only detects
the earliest returned signal, which indicates the signal reflected from the object nearest to the sensor.
After conducting several experiments, we observed that the ground has a major influence on the result. Figure 4 shows a
scenario wherein a sensor detects the ground instead of the curb. If the distance between the vehicle and the curb becomes
greater than the initial condition where the beam direction was set to the curb, the ground reflection can occur. This impedes
the detection of curbs and induces errors. In order to improve the performance of the curb-detection system, it is important to
detect and eliminate the measurements in which ground reflection has occurred.

Figure 4. Scenario wherein a sensor detects the ground instead of the curb.
In order to detect and eliminate ground reflection, a threshold is required for determining whether the measurement is
reflected from the ground or curb. The threshold can be derived based on the lane and vehicle widths. When a vehicle is
driving in the closest lane from the curb, the expected distance to the curb dcurb(1) can be expressed as shown below.
dcurb(1) = (WLane – WVehicle) / 2

(1)

where WLane is the width of the lane, and WVehicle is the width of the vehicle. When a vehicle is driving in the Nth lane from
the outside, the expected distance to the curb dcurb(N) can be expressed as shown below.
dcurb(N) = (N – 1) WLane + (WLane – WVehicle) / 2

(2)

These equations are based on an assumption that the vehicle is driving in the center of the lane. Based on (2), we suggest a
ground-reflection elimination algorithm that identifies and eliminates the measurements in which ground reflection has
occurred. For example, dcurb(N) is calculated as 1.2 m if WLane is 4.2 m, WVehicle is 1.8 m, and the vehicle is driving in the closest
lane from the curb. Thus, measurements smaller than 1.2 m are likely due to ground reflection. Because the lane and vehicle
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widths are fixed, this method is simple to apply; however, it is necessary to determine which lane the vehicle is driving in.
There are existing lane detection technologies based on vision sensors [14]–[18] or Global Navigation Satellite Systems
(GNSSs) [19]–[22]. However, the vision sensors are influenced by weather and light conditions [23],[24], and the GNSS
sensors are vulnerable to radio frequency interference [25]–[32] and ionospheric effects [33]–[37]. Therefore, it is desired that
the ultrasonic-sensor-based curb-detection system can determine the driving lane information by itself without relying on
additional sensors. This is possible if multiple ultrasonic sensors are utilized, which is discussed in the next section.
After the ground-reflection measurements are eliminated, the remaining data represents the measurements of the distance
between the vehicle and curb. However, after the elimination, the availability of the curb-detection system can decrease
considerably because the eliminated measurements are not replaced or interpolated. The decreased availability of the system
can become a critical problem for ensuring safety. Therefore, a solution that can prevent this decrease in availability is required.
In order to solve this problem, we implemented a hardware platform with multiple ultrasonic sensors. The preliminary
experiments for collecting the curb-detection data with multiple ultrasonic sensors were performed in our previous work [38].
The methods and advantages of using multiple sensors will be detailed in the next section.
GROUND-REFLECTION ELIMINATION ALGROITHM WITH MULTIPLE ULTRASONIC SENSORS
In order to prevent a considerable decrease in the availability of the system while eliminating the measurements wherein
ground reflection occurred, we suggest the use of multiple sensors instead of a single sensor. The clear advantage of using
multiple sensors is that the number of measurements obtained simultaneously is increased. In the case of the use of a single
sensor, only one measurement is collected in one epoch. However, in the case of the use of multiple sensors, i.e., N sensors, N
measurements are collected simultaneously in a single epoch. The measurements that are simultaneously collected are useful
because they can be used to crosscheck or mutually complement each other. A decrease in the availability was the main
problem with the use of a single ultrasonic sensor. When using a single sensor, there are no additional measurements that can
replace or complement the eliminated measurement after performing the ground-reflection elimination. However, with
multiple sensors, the system availability can be improved when a measurement is eliminated because the other sensors can
detect the curb at the same time. The system can be unavailable when all the sensors detect the ground simultaneously, but this
does not occur frequently. Therefore, the overall availability of the system can be improved when multiple sensors are used.
When three or more ultrasonic sensors are used, a majority-voting algorithm can be adopted to aid in determining the
measurements in which ground reflection occurred. There is a probability of making an incorrect decision if the identification
of the measurements in which ground reflection occurred is based only on a threshold value. This probability becomes higher
when the actual distance between the vehicle and curb is slightly greater than the threshold value. In such scenarios, the use of

Figure 5. Flowchart of the ground-reflection elimination algorithm.
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a secondary algorithm (i.e., majority-voting algorithm) that double-checks that ground reflection occurs would be useful.
Therefore, the use of the majority-voting algorithm for determining the occurrence of ground reflection can provide a system
performance that is superior to that obtained when using only the threshold. The majority-voting algorithm is used after
filtering the measurements using a threshold value. In some cases, an incorrect decision may be made if a measurement in
which ground reflection occurs is not eliminated because it is slightly greater than the threshold value. Nonetheless, the
majority of the measurements obtained simultaneously can be used to detect the curb regardless of the occurrence of such an
incorrect decision. Therefore, on using the majority-voting algorithm after making the incorrect decision, it is found that the
minority of the measurements are outliers, which indicates that they are results obtained due to ground reflection.
The algorithm used to eliminate the measurements in which ground reflection occurs is shown in Fig. 5. The algorithm
begins with the collection of measurements from multiple sensors. In order to calculate the threshold for the ground-reflection
elimination, the lane information is required. In the first loop, there is no existing lane information. Therefore, the groundreflection elimination is not conducted in this loop. Lane information is then estimated using the raw measurements. If the
estimation result is convincing, it is used in the next loop. If it is not, the estimation is held off until additional measurements
are obtained, which will be collected in the next loop. When the lane information is obtained, the algorithm calculates the
threshold using the lane information. Equation (2) is used in this step. After calculating the threshold, the algorithm eliminates
the measurements with values less than the threshold, which are considered to be ground-reflection measurements. In the next
step, the majority-voting algorithm filters out the ground reflections that are not eliminated in the previous step. The remaining
measurements can be considered as those of the distance between the vehicle and curb, and the averaged value is provided as
an output of the curb detection system. This output is also used for detecting the lane in which the vehicle is driving, and this
information is used for the calculation of the threshold in the next loop.
Figure 6 demonstrates the effectiveness of the proposed ground-reflection elimination algorithm. The raw measurements
collected from the three ultrasonic sensors are shown in Fig. 6(a), and the estimated distance to the curb without groundreflection elimination is indicated by a red line. A conventional moving average filter is used to estimate the distance. The
measurement outliers in Fig. 6(a) are likely due to ground reflections.
The estimated distance after applying our ground-reflection elimination algorithm is presented in Fig. 6(b). The raw sensor
measurements are filtered by the ground-reflection elimination algorithm. The algorithm eliminates the ground reflection and
leaves only the measurements reflected from the curbs. In this case, the estimated distance is smooth and follows the trend of
the filtered measurements well. Moreover, even though the algorithm eliminated the ground-reflection measurements, the
system availability is not decreased in this case. In a case with more noise and external influence, the availability may be
decreased after performing the algorithm, but the decrease in availability can also be suppressed with using more sensors.
Therefore, availability can be retained above a certain required level even in harsher driving situations.

Figure 6. (a) Distance estimation result of a nominal moving average filter without ground-reflection elimination.
(b) Distance estimation result of the ground-reflection elimination algorithm.
CONCLUSION
This research details the ground-reflection effect observed when using ultrasonic sensors for a curb-detection system, and
presents an algorithm for eliminating it. The experiments were performed on a hardware platform that was developed in the
process of this study. The developed curb-detection system was tested in various driving scenarios, and representative results
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of the experiments were presented in this paper. The performance of the ground-reflection elimination algorithm can be further
improved by increasing the number of sensors or using higher-accuracy ultrasonic sensors. Additional improvements and
experiments shall follow in future research in order to develop a low-cost curb-detection system that can be commercialized
for use in common vehicles and autonomous driving vehicles.
ACKNOWLEDGMENTS
This research was supported by the Ministry of Science and ICT (MSIT), Korea, under the ICT Consilience Creative
Program (IITP-2017-2017-0-01015) supervised by the Institute for Information & Communications Technology Promotion
(IITP).
REFERENCES
[1] Y. Kang, C. Roh, S.-B. Suh, and B. Song, “A Lidar-Based Decision-Making Method for Road Boundary Detection
Using Multiple Kalman Filters,” IEEE Transactions on Industrial Electronics, vol. 59, no. 11, pp. 4360-4368, Nov. 2012.
[2] H. Guan, J. Li, Y. Yu, M. Chapman, and C. Wang, “Automated Road Information Extraction From Mobile Laser
Scanning Data,” IEEE Transactions on Intelligent Transportation Systems, vol. 16, no. 1, pp. 194-205, Feb. 2015.
[3] A. Y. Hata, F. S. Osorio, and D. F. Wolf, “Robust Curb Detection and Vehicle Localization in Urban Environments,” in
Proc. of IEEE Intelligent Vehicles Symposium (IV), Dearborn, Michigan, USA, 8-11 Jun. 2014, pp. 1257-1262.
[4] Y. Zhang, J. Wang, X. Wang, C. Li, and L. Wang, “A Real-time Curb Detection and Tracking Method for UGVs by
Using a 3D-LIDAR Sensor,” in Proc. IEEE Conference on Control Applications (CCA) Part of IEEE Multi-Conference on
Systems and Control, Sydney, Australia, 21-23 Sep. 2015, pp. 1020-1025.
[5] M. Kellner, U. Hofmann, M. E. Bousouraa, H. Kasper, and S. Neumaier, “Laserscanner Based Road Curb Feature
Detection and Efficient Mapping Using Local Curb Descriptions,” in Proc. IEEE 17th Conference on Intelligent Transportation
Systems (ITSC), Qingdao, China, 8-11 Oct. 2014, pp. 2602-2609.
[6] H. Wang, H. Luo, C. Wen, J. Cheng, P. Li, Y. Chen, C. Wang, and J. Li, “Road Boundaries Detection Based on Local
Normal Saliency from Mobile Laser Scanning Data,” IEEE Geoscience and Remote Sensing Letters, Vol. 12, No. 10, pp.
2085-2089, Oct. 2015.
[7] G. Zhao, and J. Yuan, “Curb Detection and Tracking Using 3D-Lidar Scanner,” in Proc. 19th IEEE International
Conference on Image Processing (ICIP), Orlando, Florida, USA, 30 Sep.-3 Oct. 2012, pp. 437-440.
[8] R. H. Rasshofer, M. Spies, and H. Spies, “Influences of Weather Phenomena on Automotive Laser Radar Systems”,
Advances in Radio Science, 9(B. 2), pp. 49-60, Jul. 2011.
[9] W.-J. Park, B.-S. Kim, D.-E. Seo, D.-S. Kim, K.-H. Lee, “Parking Space Detection Using Ultrasonic Sensor in Parking
Assistance System”, IEEE Intelligent Vehicles Symposium, Eindhoven, Netherlands, 4-6 Jun. 2008, pp. 1039-1044.
[10] P. Hosur, R. B. Shettar, and M. Potdar, “Environmental Awareness Around Vehicle Using Ultrasonic Sensors”,
International Conference on Advances in Computing, Communications, and Informatics (ICACCI), Jaipur, India, 21-24 Sep.
2016, pp. 1154-1159.
[11] M. Hedir, and B. Haddad, “Ground Echoes Filtering Using the Completed Local Binary Pattern and the Support Vector
Machine”, 8th International Workshop on the Analysis of Multitemporal Remote Sensing Images, Annecy, France, 22-24 Jul.
2015, pp. 1-4.
[12] H. Lu, and Y. Pang, “A Waveform Exploitation Optimized Multiscale Curvature Algorithm for Recognizing Ground
Echoes from Airborne Laser Scanner in Densely Forested Area”, 23rd International Conference on Geoinformatics, Wuhan,
China, 19-21 Jun. 2015, pp. 553-557.
[13] H. V. Hance, and W. I. Dobrov, “Microwave Acoustic Simulation of Airborne Radar Ground Echoes”, IEEE
Transactions on Microwave Theory and Techniques, vol. MTT-17, no. 11, pp. 963-967, Nov. 1969.
[14] M. Bertozzi and A. Broggi, “GOLD: A Parallel Real-time Stereo Vision System for Generic Obstacle and Lane
Detection,” IEEE Trans. Image Process., vol. 7, no. 1, pp. 62-81, Jan. 1998.
[15] S. Jung, J. Youn, and S. Sull, “Efficient Lane Detection Based on Spatiotemporal Images,” IEEE Trans. Intell. Transp.
Syst., vol. 17, no. 1, pp. 289-295, Jan. 2016.
[16] M. B. de Paula and C. R. Jung, “Automatic Detection and Classification of Road Lane Markings Using Onboard
Vehicular Cameras,” IEEE Trans. Intell. Transp. Syst., vol. 16, no. 6, pp. 3160-3169, Dec. 2015.
[17] Q. Li, L. Chen, M. Li, S.-L. Shaw, and A. Nuchter, “A Sensor-Fusion Drivable-Region and Lane-Detection System for
Autonomous Vehicle Navigation in Challenging Road Scenarios,” IEEE Trans. on Vehicular Technology, vol. 63, no. 2, pp.
540-555, Sep. 2013.
[18] G. Cui, J. Wang, and J. Li, “Robust multilane detection and tracking in urban scenarios based on LIDAR and monovision,” IET Image Processing, vol. 8, no. 5, pp. 269-279, Jun. 2014.

230

[19] R. Yozevitch, B. Ben-Moshe, and A. Dvir, “GNSS Accuracy Improvement Using Rapid Shadow Transitions,” IEEE
Trans. Intell. Transp. Syst., vol. 15, no. 3, pp. 1113-1122, Jun. 2014.
[20] V. L. Knoop, P. J. Buist, C. C. J. M. Tiberius, and B. van Arem, “Automated lane identification using precise point
positioning an affordable and accurate GPS technique,” in Proc. 15th International IEEE Conference on Intelligent
Transportation System, Anchorage, AK, USA, 16-19 Sep. 2012, pp. 939-944.
[21] R. Sun, W. Ochieng, C. Fang, and S. Feng, “A New Algorithm for Lane Level Irregular Driving Identification,” Journal
of Navigation, vol. 68, no. 6, pp. 1173-1194, Nov. 2015.
[22] D. Yoon, C. Kee, J. Seo, and B. Park, “Position Accuracy Improvement by Implementing the DGNSS-CP Algorithm in
Smartphones,” Sensors, vol. 16, no. 6, art. no. 910, 2016.
[23] Y. H. Shin, S. Lee, and J. Seo, “Autonomous Safe Landing-Area Determination for Rotorcraft UAVs Using Multiple
IR-UWB Radars,” Aerospace Science and Technology, vol. 69, pp. 617-624, 2017.
[24] Y. H. Shin and J. Seo, “Towards Contactless Silent Speech Recognition Based on Detection of Active and Visible
Articulators Using IR-UWB Radar,” Sensors, vol. 16, no. 11, art. no. 1812, 2016.
[25] E. Axell, F. M. Eklof, P. Johansson, M. Alexandersson, and D. Akos, “Jamming Detection in GNSS Receivers:
Performance Evaluation of Field Trials,” Navigation: Journal of the Institute of Navigation, vol. 62, no. 1, pp. 73-82, 2015.
[26] P.-W. Son, J. H. Rhee, and J. Seo, “Novel Multichain-Based Loran Positioning Algorithm for Resilient Navigation,”
IEEE Transactions on Aerospace and Electronic Systems, in press, doi:10.1109/TAES.2017.2762438.
[27] Y.-H. Chen, J.-C. Juang, J. Seo, S. Lo, D. M. Akos, D. S. De Lorenzo, and P. Enge, “Design and Implementation of
Real-Time Software Radio for Anti-Interference GPSWAAS Sensors,” Sensors, vol. 12, no. 10, pp. 13417-13440, Oct. 2012.
[28] M. Wildemeersch, C. H. Slump, and A. Rabbachin, “Acquisition of GNSS signals in urban interference environment,”
IEEE Trans. Aerosp. Electron. Syst., vol. 50, no. 2, pp. 1078-1091, Apr. 2014.
[29] J. Seo, Y.-H. Chen, D. S. De Lorenzo, S. Lo, P. Enge, D. Akos, and J. Lee, “A Real-Time Capable Software-Defined
Receiver Using GPU for Adaptive Anti-Jam GPS Sensors,” Sensors, vol. 11, no. 9, pp. 8955-8991, Sep. 2011.
[30] E. Kim and J. Seo, “SFOL Pulse: A High Accuracy DME Pulse for Alternative Aircraft Position and Navigation,”
Sensors, vol. 17, no. 10, art. no. 2183, 2017.
[31] Y.-H. Chen, J.-C. Juang, D. S. De Lorenzo, J. Seo, S. Lo, P. Enge, D. M. Akos, “Real-time software receiver for GPS
controlled reception pattern antenna array processing,” in Proc. ION GNSS 2010, Portland, OR, USA, 21-24 Sep. 2010, pp.
1932-1941.
[32] Y.-H. Chen, J.-C. Juang, D. S. De Lorenzo, J. Seo, S. Lo, P. Enge, D. M. Akos, “Real-time dual-frequency (L1/L5)
GPS/WAAS software receiver,” in Proc. ION GNSS 2011, Portland, OR, USA, 20-23 Sep. 2011, pp. 767-774.
[33] J. Lee, J. Morton, J. Lee, H.-S. Moon, and J. Seo, “Monitoring and Mitigation of Ionospheric Anomalies for GNSSBased Safety Critical Systems,” IEEE Signal Processing Magazine, vol. 34, no. 5, pp. 96-110, 2017.
[34] J. Seo and T. Walter, “Future Dual-Frequency GPS Navigation System for Intelligent Air Transportation Under Strong
Ionospheric Scintillation,” IEEE Trans. Intell. Transp. Syst., vol. 15, no. 5, pp. 2224-2236, 2014.
[35] Y. Jiao, D. Xu, Y. Morton, C. Rino, “Equatorial scintillation amplitude fading characteristics across the GPS frequency
bands,” Navigation, Journal of the Institute of Navigation, vol. 63, no. 3, pp. 267-281, Sep. 2016.
[36] T.-Y. Chiou, J. Seo, T. Walter, P. Enge, “Performance of a Doppler-aided GPS navigation system for aviation
applications under ionospheric scintillation,” in Proc. ION GNSS 2008, Savannah, GA, USA, 16-19 Sep. 2008, pp. 490-498.
[37] J. Seo, J. Lee, S. Pullen, P. Enge, S. Close, “Targeted parameter inflation within ground-based augmentation systems to
minimize anomalous ionospheric impact,” Journal of Aircraft, vol. 49, no. 2, pp. 587-599, Mar. 2012.
[38] J. H. Rhee, and J. Seo, “Preliminary Study for Low-Cost Curb Detection Using Multiple Ultrasonic Sensors,” in Proc.
Europe-Korea Conference on Science and Technology, Berlin, Germany, 26-30 Jul. 2016.

231

