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Introduction
Foreign object debris (FOD) on airport runways can cause problems (e.g., runway closure, accidents) to airplanes and airport operators if not removed immediately. Hence, airport operators need to remove any FODs that are detected via a manual or automated FOD detection system. Manual detection implies that airport operators carry out periodical manual FOD inspection while automated FOD detection is able to perform rapid detection continuously without any airport personnel on-site. Automated detection system also avoids unnecessary runway closure due to manual inspection, which is inefficient for busy airport operation [1].
Millimeter-wave radar is chosen as the sensor of the automated FOD detection system, due to its high-sensitivity, high-range resolution and weather robustness [2, 3]. Nevertheless, a millimeter-wave signal has significantly higher transmission loss (including free-space propagation loss and atmospheric attenuation) compared to microwave bands, making it difficult to obtain high power in semiconductor circuits [4] and as such, the detection range of a single radar will be limited. Hence, many radio access units (RAUs) need to be installed to cover the whole span of an airport runway. However, the installation cost and footprint of millimeter-wave synthesizer with high precision for the realization of precise radiolocation services at each RAU are significantly large.
The radio over fiber (RoF) technology helps providing a centralized synthesizer solution; with one accurate synthesizer located at a central office, generating and providing the radar signal over a RoF network to RAUs via optical fibers [5] with an average transmission loss of 0.2 dB/km. Radar systems at higher millimeter-wave frequency then can be adopted for detection of small FOD within the radar coverage area. Further advantages of this system are low operation cost, low radio-wave emission, highly scalable (high-performance systems for busy airports or low-cost systems for local airports), and agile scan capability.
Kuala Lumpur International Airport (KLIA), Malaysia has installed the millimeter-wave FOD detection system using the RoF technologies as a field trial test. The runway layout and the FOD detection system installed in KLIA are depicted in Figure 1, illustrating the concept of the FOD detection system for the KLIA runway 2 with designation 14R/32L. To balance the radar performance improvement and the system cost reduction, the high-accuracy and high-stability frequency-modulated continuous-wave (FM-CW) radar signals are generated and up-converted to optical signals at the control center, and transmitted through the optical fiber to the multiple FOD radars placed along the runway area. 
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Figure 1 Schematic illustration of foreign object debris detection system at KLIA runway 2 with designation 14L/32R.

Scope
This report provides the technical specifications of the RoF network for the FOD detection system and its application at the KLIA system. System specification of the RoF for FOD detection system is also shared. The system evaluation through experiment of single mobile radar to detect small FODs and system field trial for an active airport runway of the KLIA under tropical weather conditions in Malaysia is reported.
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Abbreviations and acronyms
This report uses the following abbreviations and acronyms:
ADC		:	Analog-to-digital converter
CC		:	Control Center
dBsm		:	Decibels per square meter
DSB		:	Double sideband
DSB-SC	:	Double sideband suppressed-carrier
FFT		:	Fast Fourier transform
FM-CW	:	Frequency-modulated continuous-wave
FOD		:	Foreign object debris
IF		:	Intermediate frequency
KLIA		:	Kuala Lumpur International Airport
PD		:	Photo detector
[bookmark: _gjdgxs]PPI		:	Plan position indicator
RAU		:	Remote antenna unit
RoF		:	Radio over fiber
SNR		:	Signal to noise power ratio

System Overview and Characteristics of RoF-FOD Radar System
Block Diagram of the RoF System in the FOD Detection System
FOD detection system consists of many remote antenna units (RAUs) linearly located along the optical fibers to form linear-shape cells, with waveforms distribution to share the RF signal sources. Figure 2 illustrates a typical radio over fiber FOD detection system with a number of RAUs installed along a runway and connected to a control center via fiber optic network. This system alerts a following airplane and airside crew immediately after detecting an FOD via an airport operation center. This report focuses on a RoF system for distributing the FM-CW signal. 
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Figure 2 Schematic illustration of typical FOD detection system of an airport.

The FOD detection system has two parts: a centralized controller and RAUs as presented in Figure 3. To detect several-inches-class FOD, it is assumed to use a millimeter-wave-band FM-CW signal for the FOD detection as a radar signal. The radar signal drives the RoF transmitter (Tx) to convert into the double-sideband (DSB) optical signals. It should be noted that the DSB signal is strictly affected by a fiber chromatic dispersion effect during the fiber transmission. The RoF signal is transmitted over the fiber, and then, a photo receiver (Rx) converts the optical signal into the 32-GHz FM-CW signal. Then a frequency multiplier with a multiplication factor of 3 (x3) up converts the frequency of the signal at a frequency of 96 GHz, which is used in the radar system.
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Figure 3 RoF-FOD radar system schematic block diagram.

System Specification
The RoF system supporting the FOD detection system generating the FM-CW signal is specified as listed in Table 1, which is modified from [ITU-T G.9803] for the KLIA case. 




Table 1 – Functional specification
	Parameter 
	
	Value 
	
	Unit 

	
	Minimum 
	Typical 
	Maximum 
	

	Operating wavelength range 
	1552.51
	1552.52
	1552.53
	nm 

	Gain from iRoFTXin to iRoFRXout 
	-
	-12
	-
	dB 

	Transmitter

	System input level at iRoFTXin 
	14
	15
	16
	dBm 

	System output level at iRoF-o 
	2
	3
	4
	dBm 

	Input frequency range at iRoFTXin 
	15.341667
	-
	16.658333 
	GHz 

	Signal bandwidth at iRoFTXin 
	-
	1.3166667 
	-
	GHz 

	Optical spurious suppression ratio 
	27
	- 
	 -
	dB 

	Optical carrier suppression ratio 
	45
	-
	 -
	dB 

	Optical sideband amplitude imbalance 
	 -
	1
	 -
	dB 

	Frequency response 
	 -
	3
	- 
	dB 

	
	Receiver
	
	
	

	System input level at iRoF-o 
	0
	1
	2
	dBm 

	System output level at iRoFRXout 
	-
	3
	-
	dBm 

	Output frequency range at iRoFRXout 
	30.683333
	-
	33.316667
	GHz 




 Performance of the RoF Transceiver of RoF-Based FOD Detection System
Figure 4 shows the configuration of FOD detection system which is connected through the radio over fiber links to the control center. The transmitter and receiver antennas are separated for reducing noises such as direct interference from the transmitter to the receiver. A radar synthesizer in the controller generates a triangle type FM-CW waveform at a center frequency of 16 GHz with a bandwidth of 1.316667 GHz and a duration of 800 µs. 
The signal drives the RoF transmitter (Tx) to convert into the double-sideband suppressed carrier (DSB-SC) optical signals by 1552.52 nm laser diode (LD). The optically RF modulated signal is transmitted over the fiber, and then, a photo detector (PD) converts the optical signal into the 32-GHz FM-CW signal by optical frequency doubling using the DSB-SC modulation. The RAU receives the RoF signal after the optical fiber transmission, and then, a ×3-frequency multiplier up converts to 96 GHz FM-CW signal with a bandwidth of 7.9 GHz. 
The antenna irradiates to the air, and then, the signal reflected from targets is collected by an antenna before down conversion by a mixer to an intermediate frequency (IF) component. The IF signal is acquired by an analog-to-digital converter (ADC) as shown in Figure 5. A 10-Gbit/s optical Ethernet interface transmits the ADCed signal to the controller digitally, and then, the controller performs digital signal processing including fast Fourier transform to show the results. The evaluation result can be referred in following section. The optical link from the RAU to the controller is worked as a digitized RoF link to have sufficient receiver sensitivity in the RAU. 
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Figure 5 Block diagram of RoF-FOD radar transceiver.

Experimental Work on One-to-Two Radar Heads System
For the purpose of a reliable and secure installation of the radar system, pre-evaluation of the FOD detection system has been performed and evaluated under tropical weather conditions. Prior to the field trial of the FOD detection system, the portable RoF radar system evaluation has been conducted at Universiti Teknologi Malaysia Kuala Lumpur and apron area KLIA in Malaysia, as shown in Figure 6. Other equipment used in the radio over fiber radar system evaluation are a weather logger, GPS logger, laser range meter and a portable personal computer. 



Figure 6 Radar system evaluation in Malaysia, at UTM campus (left) and KLIA (right), Malaysia.

7.1 Experimental Work of One Radar Head System
To evaluate system performance in the real conditions, we tested the radar system in the field: Universiti Teknologi Malaysia Kuala Lumpur Campus (UTM KL), depicted in Figure 7. The radar system was set at a courtyard of the campus building heading to a football field. The obtained spectrum range is also shown in the figure. A broad peak observed at 24-m and 85-m indicators are caused by oscillation noises of an IF amplifier set after the mixer. These stable noise components can be mitigated by post processing. Sharp peaks at 10 m and around 50 m are reflected signal from a sign pole, football goal posts and rugby goal posts in the grass field. Strong peak at 87 m is provided by a barrier wall between the grass field and campus. This barrier wall is configured by mesh wires with a radius less than 1 cm with a mesh pitch of 15 cm×8 cm. Even the radius is just 2 to 3 times larger than the wavelength of the radar signal (approximately 3 mm), clear reflection is observed. It might be caused by the large cross section area of the mesh barrier.
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Figure 7 Location for FODDS measurement conducted at UTM Kuala Lumpur, Malaysia.
The specification of the RoF and radar system is as follows: the frequency of the RoF transmitter of 10.5 GHz and frequency multiplication factor in optical and electrical domains of 1 and 9, respectively. The input bandwidth to the RoF signal is 0.55 GHz to form the radar signal at a center frequency of 94.5 GHz with the FM-CW bandwidth of 4.95 GHz. The repetition rate of the FM-CW is the same with 1.25 kHz, corresponding to 800 μs. It should be noted that the output power of the millimeter-wave signal from the RAU is limited to 1 mW, which is 10 times smaller than that in the KLIA field trial system.
The PPI image is shown in Figure 8, where the mesh barriers is clearly observed along with the grass field. Two-dimensional PPI image helps in identifying the objects and their locations. Polarization imaging is also shown in the same figure. In general, the polarizations of the Tx and Rx antennas should be the same for increase of the received signal intensity. When the Tx antenna polarization is set perpendicular to the Rx polarization, the differential reflectivity coefficients, which are caused by surface structures such as a direction of the vertical surface of the target, might be obtained. Figure 8 also shows the polarization differential image, as calculated by subtraction between the perpendicular and parallel-polarization PPI images. The barrier walls have strong reflection with perpendicular polarization to the incident radar signals. This polarization rotation could be caused by the configuration of the barrier. 
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Figure 8 PPI images under polarization of transmitter and receiver set (top) as parallel and (bottom) as perpendicular. Photo of the barrier wall is also shown. The measurement conducted at UTM Kuala Lumpur, Malaysia.

To evaluate this radar system in airport conditions, we tested the radar system at an apron area of an old terminal of the Kuala Lumpur International Airport as shown in Figure 9. Since the surface of the apron area is flattened and covered by concrete, as compared to the UTM KL field, the clutter signal from the grass and ground might be significantly smaller.  In airport condition, the maximum range of the 1-mW RAU is more than 200m for a 3” cylinder. This can further be extended by having a higher gain antenna or reducing the noise floor. 1-mW-output system limits the maximum range of the radar, however, optimization of antenna/amplifier will realize the coverage of more than 300 m. The prototype RAU was able to detect FOD samples of various sizes, shapes and material, as presented in Figure 10, where the reflected power of the various FOD samples are normalized by a 1” cylinder with radar cross section of −20 dBsm at 95 GHz.
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Figure 9 Location for FODDS measurement conducted at Kuala Lumpur International Airport, Malaysia.
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Figure 10 Measured range of 1-mW-class FOD detection system. 

7.2	Experiment on Interference Avoidance Caused by Reflection from Objects under Two Radar Heads System
The FMCW radar uses a chirp signal whose frequency increases and decreases with time as the transmission wave, and calculates the distance to the object from the frequency difference between the transmission and the reflected waves. Each RAU of the FMCW linear cell radar does not directly interfere with other RAUs by cooperative control. However, when the transmission wave is reflected by an airplane or the like, it may be received by another RAU as an interference wave stronger than the actual desired wave. Further, when interference occurs in the FMCW linear cell radar, a false image occurs. False images are a source of false alarms, as the system may mistakenly recognize that there is a FOD even when nothing has actually fallen on the runway.
[bookmark: _Hlk34443351]As a method of avoiding interference in FMCW linear cell radar, we propose a method of changing the transmission timing by differing the optical path length of each RAU in the RoF network. Difference in optical path length is achieved by adding an optical fiber of a specified length [7].  Figure 11 shows the basic principle of interference avoidance. When the RAU receives an interference wave from another RAU, a false image that cannot be distinguished from the desired wave occurs. Here, the beat frequency of the false image is set to be higher than the IF band by delaying the transmission timing of the RAU with respect to the other RAUs by a certain time. By doing this, the RAU does not recognize the false image, and the effect of interference avoidance can be removed.
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Figure 11 Mechanism of interference avoidance.

Figure 12 shows the experimental setup at apron area of Kuala Lumpur International Airport, which RAU2, RAU1, and an airplane (B747-400) are arranged in a straight line. The distance between the main receiving system RAU2 and the airplane is 200 m, and the distance between RAU2 and RAU1 is 43.2 m. Each RAU is rotated synchronously by a control signal from the control unit and rotates once every four seconds. The control units and each RAU are connected by optical fiber, and each is 300 m. In this experiment, the receiving system is RAU2, and the optical fiber on the RAU2 side can be changed by 100m. RAU2 receives the reflected wave generated by its own transmission wave and the interference wave from RAU1. By receiving two signals with different routes, the display shows a real airplane and a false image of the airplane. Figure 13 (a) is a radar image when no optical fiber is added to the RAU2 side. An image of the airplane can be seen at Y = 200 m, and a fake image of the airplane can be seen at Y = 180 m. 
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Figure 12 Experimental setup at KLIA apron area.

By generating a delay in the RoF network and changing the transmission timing of RAU2, interference avoidance is realized. Figure 13 (b) is a radar image when a 400 m optical fiber is added to the RAU2 side. The addition of the optical fiber causes a transmission wave delay in the RoF network. As a result, the frequency difference between the interference wave and the transmission wave changes, and the position of the false image shifts. However, since the delay time is insufficient in the 400 m optical fiber, the false image cannot be removed because the difference frequency from the interference wave is within the IF band. The length of the optical fiber required to remove the false image,   is expressed by equation below [7], whereby  indicates the location of the false image occurrence, , c, and  denote the fiber length.

                                        

Figure 13 (c) is a radar image when a 1000 m optical fiber is added to the RAU2 side. With a 1000 m optical fiber, the difference frequency from the interference wave was outside the IF band, and the false image was successfully removed. Which is the effect of interference can be avoided by adding an optical fiber of at specific length. Hence, the experiment proposed a false image suppression process using the fact that the position of the false image shifts when the fiber length is changed. By performing logical AND processing on a plurality of radar images obtained with different fiber lengths, the false image is suppressed. The AND process can be defined as follows. (i) When difference in two inputs is smaller than a threshold, the value of the output is set to that of the input, and (ii) When the difference is larger than the threshold, the output is set to zero. When performing the logical AND process on images shown in Figure 13 (a) & (b), the received powers on the same position are compared to generate the output. The threshold was set to 5 dB. When the difference is larger than the threshold, the output was set to the noise floor of the actual radar system. A false image of the airplane is seen at around 180 m in Figure 13 (b) and at around 120 m in Figure 13 (a). Figure 13 (d) is the image obtained by the logical AND process on the images, the two false images were successfully suppressed.
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(c)                                                (d)
Figure 13 RAU2 radar image (a) no additional optical fiber; (b) optical fiber 400m added; (c) optical fiber 1000m added; and (d) false image suppression processing.

It is also necessary to consider the detection of objects moving on the runway. In this process, if the FOD is moving on the runway due to wind or the like, there is a possibility that it will be recognized as a false image instead of the FOD by the AND process and disappear. However, if the length of the optical fiber to be added to the RAU is known in advance, the shift amount of the position of the false image on the radar image can be known. Therefore, it would be possible to take measures against the moving FOD by detecting and suppressing the false image of the shift amount corresponding to the length of the added optical fiber.
Therefore, by acquiring a radar image and performing the AND processing while constantly changing the optical path length in the RoF network, it will be possible to suppress only the false image. Also, since the position of the false image only needs to be shifted, interference can be avoided by adding a short optical fiber. Thus, the false image suppression by the AND processing can suppress the decrease in the transmission power due to the addition of the optical fiber.

RoF-Based FOD Detection System Field Trial for an Active Airport Runway
Malaysia Airport (Sepang) the operator of KLIA has accepted the FOD system for field trial at its longest and busiest runway 32R/14L since the airport needs such system to improve airport surveillance and security. The KLIA is designed to handle up to 75 million passengers per year. The runways and buildings cover an area of 100 square kilometers. With its 157 ramp stands, it is capable of handling 84 aircraft movements per hour. KLIA has three parallel runways, 14L/32R, 14R/32L and 15/33. The length of Runways 14R/32L is 4000 meter, 14L/32R is 4019 meter and 15/33 is 3960 meters. Each runway also has 10 taxiways exit with the taxi time ranging from 2 minutes to 11 minutes. The two full-service runways can handle 84 movements per hour when one runway handles taking off and one runway handles landing. Each runway is also equipped with one parallel taxiway with a second parallel taxiway. The runways at KLIA are able to accommodate the Airbus A380.
Figure 14 shows the FOD detection system physical layout where the design has taken into consideration the most optimum possible detection areas that adheres to Annex 14 of the International Civil Aviation Organization Convention and the Civil Aviation Authority Malaysia requirements. The shortest and longest distances of radar poles from the runway centerline are 177 m and 260 m with the antenna high are 5 m from the runway ground level, respectively. The design and installation of fiber optic network considers the radio over fiber system requirements whereby Figure 15 shows the 4-meter three-legged pole supporting the radar and camera, which is a concrete platform, at the same level with runway surface.
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Figure 14 KLIA FOD detection system physical layout indicating actual the location of RAUs for field trial.
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Figure 15 Schematic design and photo of three legged FOD radar pole in KLIA.

Figure 16 shows the overall configuration of FOD detection system and optical fiber network at KLIA, which consists of the FOD monitoring center, two control centers and FOD radars. The FOD radars along the runway are connected to the airport operation center through dedicated single mode optical fiber cables that installed along the runway 2 area. The optical FMCW signals are generated by the optical source and electrical FMCW signals at the airport operation center, and are optically amplified and distributed via the optical divider to FOD radars. The control center receives the IF signals from each FOD radar and these intermediate frequency (IF) signals are processed by fast Fourier transform (FFT) technology. FFT processing signals are displayed and stored in the server.  The radar is operating at 96 GHz center frequency with pulse repetition ratio at 1.25 kHz and sweep BW at 7.9 GHz 400 μs for each up-chirp and down-chirp. The output power of the radiation signal is 100 mW with antenna gain at 42 dB. The field trial of FOD detection system was conducted during airport operation of active runway 2 with designation 14R/13L for a six-month period.
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Figure 16 Block diagram and fiber network configuration of FOD detection system at KLIA.

The FOD radar was able to detect FOD samples of various sizes, shapes and material, as shown in Figure 17, where the reflected power of the various FOD samples was normalized by a 1” cylinder with radar cross section of −20 dBsm at 96 GHz. Through the field trial work, the FOD radar was able to detect a 3 cm metal cylinder FOD up to 500 m range from radar head during clear sky and 200 m under 20 mm/h rainfall. Some of the small FOD detected during the field trial are 1 cm asphalt and 4cm bird carcass with 39.75 dBsm and -41.56 dBsm measured RCS value respectively as shown in Figure 18.
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Figure 17 Various FOD samples used for field trial at KLIA with estimated RCS value.
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Figure 18 Several asphalt FODs were detected and the smallest is 1cm with -39.75 dBsm RCS value (above) and a 4cm bird carcass with -41.56 dBsm (below).

To evaluate the system detection performance for multiple FODs, RCS measurements were conducted at two designated areas, perpendicular and 30o from the radar pole as depicted in Figure 19. Measurements are performed by using various types of FODs in this evaluation exercises. For example, Figure 20 shows the PPI image of the nine runway edge lights (right) as the FOD under test. The green line displayed FFT status of the specified angle (above) to obtain single line RCS graph (below) for three FOD under test.  The RCS value -15.41 dBsm was recorded for the FOD under test located at 172.25 m from radar.  
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Figure 19 Illustration of FOD detection measurement setup at 2 locations in front of RAU.
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Figure 20 Plan position indicator images under polarization of transmitter and receiver (top) and measured RCS value for three edge lights.

There are a number of FODs detected and recorded by the system as shown in Figure 21, where the detection log data can be found with information on coordinate location, RCS value and time stamp of detection. Respective PPI image can be traced and referred for further analysis. The red doted points indicated in runway image displays are representing runway edge lighting, while detected FODs are clearly shown in the middle of runway. The system also has capability on detecting and capturing runway surface condition such as crack, dent and water ponding as reported in Figure 22. These results shows that the proposed millimeter-wave RoF radar system has potential application for runway surface condition monitoring, which may require further analysis and optimization.
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Figure 21 RoF FOD system monitoring dashboard, showing the location, data logger and PPI image of the detected FODs.
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Figure 22 Additional capability of the FOD detection system to monitor runway surface conditions.






Conclusion
The system performance of 90-GHz-band radar systems connected with radio over fiber links utilized as an optical signal feeder is evaluated through the field trial tests. 1-mW-class output limits the maximum transmission distance of the radar system up to 150 m; however, short wavelength helps detecting the small objects on the field. The possible range is up to 300 m or more when the output power is optimized to 50 mW. Field trial tests performed in the university campus, and airport apron and runway demonstrated the RoF system capability for small FOD detection and provide sensitivity on the antenna height in the airport surface situation. This RoF-based radar system will be a promising candidate for airport runway surface monitoring to avoid critical incident in the airport runways and to enhance security against intruders or drone attacks in the airport critical facilities.
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