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Abstract: This paper reviews linear cell radar systems, which are radar systems consisting of many
antenna units connected by radio-over-fiber to monitor linear-shaped areas. A linear cell system
using a millimeter-wave band can provide high-resolution imaging for foreign object detection on
runways. Electro-optic devices play important roles in linear cell systems to provide a conversion
between optical and electric signals. This paper describes overviews of such devices including light
sources, photodetectors, and optical modulators, etc.
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1. Introduction

The detection of foreign-object debris (FOD) is indispensable for the safe operation of public
transportation systems including high-speed railways and airport runways. High-performance
imaging with quick response is required for the detection of small objects on large-scale infrastructure.
Recently, various types of FOD detection systems have been proposed using high-resolution video
cameras [1] and high-frequency radars [2—4], etc. Lidar can be used for high-resolution imaging [5].

While imaging by light can provide high resolution, the performance can be degraded by weather
conditions. On the other hand, millimeter-wave radars have advantages such as anti-fog and anti-dust
properties, and availability in dark situations. We can achieve high-resolution imaging because wide
spectra are available for radar applications. However, millimeter-wave propagation attenuation in the
air is quite large, so that it is rather difficult to cover a wide range for airport runways. We may use
high-power amplifiers to increase the range of imaging. However, most of such amplifiers are based
on vacuum tube technologies, meaning that lifetime would be an issue.

Another option is to use many small radar units to cover runways. Such radar systems should have
networks to collect information gathered at each radar unit. If we use conventional digital networks
and radar technologies, each radar unit should have a millimeter-wave source and a digital signal
processor (DSP) for radar signal detection. Thus, the system should have a number of millimeter-wave
sources and DSPs. To mitigate this issue, we can use a radio-over-fiber (RoF)-based distributed radar
system [6-8]. One master signal generator and radar units are connected by optical fibers to deliver
low-phase noise stable signals where radar units convert optical signals into radio-waves. Thus,
it is not necessary to have millimeter-wave sources or DSPs at radar units. One-dimensional service
coverage can be achieved by an RoF system, which consists of antenna units located along with optical
fibers to form linear-shaped cells. We call such systems linear cell radars.

RoF (radio-over-fiber) technology consisting of electric-to-optical (EO) and optical-to-electric
(OE) conversion devices provide the transfer of signal waveforms for radio services [9,10]. As shown
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in Figure 1, the EO and OE devices are connected through an optical fiber, where propagation loss
in optical fibers would be much smaller than in metallic cables. If we used conventional metallic
waveguides or cables for radio signal distribution, transmission loss would be particularly large for
high-frequency signals. The loss largely depends on the signal frequency, while that of RoF systems
with single mode fibers is almost constant when the transmission distance is shorter than 10 km.
Total gain or loss of the RoF systems largely depends on EO and OE conversion efficiency, while
the time domain waveform and spectrum of the radio-wave directly depends on preciseness of the
conversion in the systems [11,12]. Most high-speed electro-optic devices were designed for high-speed
digital transmission systems. In addition to high-speed operation, precise waveform control are
required for RoF-based systems. Thus, the precise evaluation of components is very important in the
fabrication of such RoF systems. Frequency response measurements for OE conversion devices have
been demonstrated using a pure optical two-tone signal generated by high extinction-ratio optical
modulation [13,14]. In RoF systems, broadband signal processing for radio-waves using state-of-the-art
opto-electric devices including photonic crystal or micro-structured fibers can provide various optical
signal processing approaches by dispersion and nonlinearity management [15-20].
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Figure 1. Schematic of a radio-over-fiber (RoF) system.

This paper provides an outline of RoF systems and EO/OE devices for RoF. We describe a concept
of linear cell radar systems having many antenna units with RoF to obtain linear-shaped coverage
along optical fibers. The linear cell system can be applied to high-resolution imaging for airport
runway surveillance and to high-speed wireless links for high-speed trains.

2. RoF System

For future mobile services, such as beyond 5G or 6G, a huge number of antenna units are required
to provide high-speed and low-latency radio services with large coverage, because available radio
frequency resources are limited. Thus, the networks have many interfaces between optical and radio
signals. Figure 2 shows a schematic of an interface between optical and radio links using a conventional
digital transmission link. This interface is for radio-wave radiation. For radio-wave reception, we could
use a similar setup. The interface should have an OE conversion device, digital signal processor (DSP),
and radio front-end (FE). Data streams demodulated from optical signals generated by an optical
transmitter (Tx) should be converted into radio-waveforms by the DSP. The reduction of complexity,
power consumption, and latency in such interfaces is very important to minimize the system operation
cost of future mobile networks. One possible solution for this issue is to use RoF, where a RoF Tx
generates an optical signal for waveform generation at the radio FE, as shown in Figure 3.

The optical signal carries IF (intermediate frequency) or RF (radio frequency) signal waveforms
for radio signal generation. In IF-over-fiber systems, radio FEs should have local oscillators (LOs)
for frequency conversion. For advanced modulation formats, we need low phase noise and stable
sinusoidal forms as LO signals. RoF can also be used for the distribution of such sinusoidal waveforms
to antenna units [9]. Figure 4 shows an example of RoF systems for radio-wave reception. Radio-waves
received by an antenna were fed to the radio FE for frequency conversion or amplification. The
dynamic range of RoF links is smaller than in electric conventional radio systems, so the proper design
of automatic gain control (AGC) at the radio FE is very important to obtain high-performance radio
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transmission. Waveform deformation of optical signals in the fibers and radio signals in the air would
be comprehensively compensated by optical coherent signal detection with DSP.

Ix
Figure 2. Configuration of conventional optical-to-radio interface for radio-wave radiation.

Y

Figure 3. Configuration of RoF optical-to-radio interface for radio-wave radiation.

\&

Figure 4. Configuration of RoF optical-to-radio interface for radio-wave reception.

OE
DSP
Radio FE

OE
Radio FE

Optical
coherent Rx

Radio FE

3. Photonic Devices for RoF Systems

Frequency multiplication by optical modulation can easily generate and distribute
millimeter-waves over optical fibers. For radio astronomy and RoF-based radars, frequency
tunable sinusoidal signal generation is required for the synchronization of signal detection or LO
signal distribution. As an example of such signal generation, a setup for frequency-modulated
continuous-wave (FM-CW) signal generation with this optical modulation technique is shown in
Figure 5 [21-27]. This was designed for W-band radar application [24]. A digital-to-analogue converter
(DAC) generated a swept-frequency electric signal, whose start and stop frequencies were 359.375 MHz
and 390.625 MHz, respectively. An FM-CW signal whose center frequency and frequency width were
24 GHz and 2GHz was generated by a series of frequency multipliers, where the sweep time was 1 ps.
A lightwave-generated tunable laser diode (TLD) was fed to a Mach-Zehnder modulator (MZM) to
obtain sidebands. The lightwave wavelength was 1550.03 nm. The DC (direct current) bias of the MZM
was set to be a maximum transmission condition to maximize the carrier and second-order sidebands
and to minimize the first-order sidebands. To suppress the carrier, we used an optical band eliminating
filter (OBEF). The suppression ratio of the first-order sidebands depended on the extinction ratio (ER)
of the MZM. We used a high-ER optical MZM to generate an optical signal, which had the upper and
lower second-order sidebands as shown in Figure 6. The frequency separation between these two
spectral components was 92-100 GHz. We also used an erbium-doped fiber amplifier (EDFA) and an
optical band pass filter (OBPF) to boost the signal. The optical signal was fed to a photodetector to
generate a W-band (92-100 GHz) frequency chirp signal, whose sweep rate was 8 x 10'° Hz/s.
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Figure 5. Setup for W-band frequency-modulated continuous-wave (FM-CW) signal generation [12].
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Figure 6. Optical spectra of optical FM-CW signals consisting of the upper and lower sidebands of the
Mach-Zehnder modulator (MZM) output (gray thin line) and at the optical band pass filter (OBPF)
output (black solid line) [12].

Quantum dots (QDs) semiconductor devices can be applied to light sources and photodetectors
for RoF systems. Due to quantum confinement, QD light source devices can provide high-speed
and wide-wavelength operation. In addition to light source devices including QD lasers and QD
semiconductor optical amplifiers (QD-SOAs), QD photodetectors (QD-PD) have been reported
to investigate particular functions such as an avalanche effect inside QD layers [12,25-27].
In Reference [26], QD-PD with 20 stacked QD absorption layers was reported, where four InAs
QDs monolayers and 20-nm-thick InGaAlAs spacer layers were grown on an InP substrate, by the
use of molecular beam epitaxy via the strain-compensation technique. A PIN (p-i-n) structure with
a 400-nm-thick active region was fabricated, where the QD density was 1.3 x 102 cm~2. A QD-PD
device with a large active area was fabricated to estimate responsivities, where the size of the area
was 0.5 x 1.0 mm?. For current-voltage (I-V) curves and frequency, responses were measured using a
fabricated device with a small active area whose diameter was 14 um.

The absorption coefficient and responsivity of a fabricated InAs QD absorption layer was
estimated with surface illumination, where an InGaAs bulk absorption layer was used for reference.
Firstly, the estimated absorption coefficient of InGaAs was 1 x 10* cm~!, which was obtained from
the measured responsivity of a 0.4-um InGaAs layer. Calculated responsivity of a 24-nm InGaAs
absorption layer was 0.015 A/W at 1550 nm. If the InAs QDs had the same absorption coefficient as
InGaAs, thatis, 1 x 10* cm ™!, the expected measured responsivity would be approximately 0.015 A/W
at a wavelength of 1550 nm. However, the measured responsivity of the QD layer was 0.055 A/W,
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which was three times higher than that of the InGaAs absorption layer, as shown in Figure 7. This
implies that the absorption coefficient « was enhanced by the quantum confinement effect. Figure 8
shows I-V curves for the dark current and the photocurrent. The dark current was less than 1 nA
when the reverse bias voltage was in the range from —10 to —20 V. The breakdown voltage of the I-V
curve was as low as —28 V. The PIN-based QD structure allowed a photocurrent from low to high
bias voltage. It functioned as a simple PIN photodiode at a low bias voltage and as an avalanche
photodiode at a higher bias voltage. At over 20 V, we observed the avalanche multiplication effect, and
a factor (M) of 12 with a dark current of 3 pA was achieved at —27.7 V. For the PIN photodiode at a low
bias voltage, the 3 dB bandwidth (f3dB) was calculated from the capacitor-resistor (CR) time-constant
and the carrier drift time in the depletion (QD) layer, where a measured capacitance of 36 fF and a
resistance of 15 ) in the network analyzer were used. We also used the saturated carrier-drift’s average
velocity of electrons and holes in the QD layer and the traveling distance, which were 6 x 10 cm/s
and 0.4 pm, respectively. The maximum calculated f3dB was approximately 50 GHz. However, we also
obtained a f3dB value of 20 GHz (M = 1) at a low bias voltage, which was caused by a large parasitic
capacitance between the n*-InP substrate and the electrodes, except at the p-n junction. By employing
a semi-insulator substrate instead of the n* substrate, we reduced the parasitic capacitance and hence
improved the measured 3 dB bandwidth. In the avalanche multiplication region at a higher bias
voltage, an additional multiplication time parameter should be taken into account for the PIN f3dB
calculation. Because the prepared QD absorption layer had a multi-quantum well (MQW) structure, a
small electron-to-hole ionization coefficient ratio (k factor) could be expected. From the AlGaAs/GaAs
MQW avalanche photodiode, a small k factor of 0.12 was obtained owing to the large CB (conduction
band) offset in the MQW boundary.
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Figure 7. Responsivity of the surface-illuminated InAs quantum dots (QDs) and InGaAs [12].



Appl. Sci. 2019, 9, 554 6 0f 12

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01 - ——

0

Responsivity

1400 1450 1500 1550 1600 1650 1700
Wavelength [nm]

Figure 8. Current-voltage (I-V) curves for the dark current and photocurrent with avalanche
multiplication [12].

4. Linear Cell Radar Based on RoF [6,12]

For the safe operation of airport runways, foreign-object debris detection (FODD) is an
indispensable activity. This system should be used to cover runways whose lengths are longer
than a few kilometers. A typical runway width is 60 m. To ensure safe take-off and landing, small
objects should be detected by high-resolution imaging. A standard FOD whose diameter and height are
1 inch each is defined to measure the performance of such imaging technologies. For the detection of
such FOD, we can use various techniques including high-resolution cameras and lidars. However, their
performance would be degraded in severe weather conditions such as fog and snow. The time duration
for detection is also an important issue. Time intervals of take-offs and landings in busy airports
would be 90 s, so the time duration for imaging should be shorter than 30 s to save time for air traffic
controllers to make decisions. Millimeter-wave radars which can provide high-resolution imaging with
a short time duration would be candidates for the detection of FOD [6,28-30]. In the millimeter-wave
range, a wide spectrum may be used to achieve a range resolution of a few centimeters.

Bands with a frequency of 60 GHz attract much attention for unlicensed high-speed short-distance
telecommunications. However, due to their large attenuation by oxygen, 60 GHz bands are not suitable
for moderate distance applications. On the other hand, as shown in Figure 9, atmospheric attenuation
in the range from 70 GHz to 110 GHz (E- and W-bands) is much smaller than that in 60 GHz bands.
Dry air attenuation is the lowest at 94 GHz in the frequency region higher than 60 GHz. In this range,
92-100 GHz is internationally allocated for radio location services.

Even in the band from 92 GHz to 100 GHz, millimeter-wave attenuation in the air limits
millimeter-wave radar coverage. High-power traveling wave tube amplifiers can be used to cover
a runway by a radar unit. However, the high cost and short lifetime of the amplifiers are issues for
reduction of operation cost.

In order to solve this issue, a radar system consisting of many antenna units connected by
radio-over-fiber has been developed, where information collected at each antenna unit would be
complied coherently at a central unit. Waveforms for radar operation are transferred by optical fibers
between the antenna units and the central unit.
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Figure 9. Atmospheric attenuation of the millimeter-wave range [31].

The system described in Figure 10 is called the linear cell radar system, which provides
linear-shaped coverage by the use of linearly located antenna units. It is rather difficult to provide
two-dimensional wide-area coverage using RoF links, because a huge number of links would be
required. However, for one-dimensional service coverage, RoF systems with antenna units located
along with optical fibers to form linear-shaped coverage would be feasible for applications in important
public infrastructure such as airport runways, railways, motorways, etc. N units could cover an area N
times longer, while a system with a radar unit needs at least an N* times larger radiation power to
achieve an N times longer range. A radar system consisting of many radar heads could largely reduce
the total radiation power of the system and the required millimeter-wave output at each unit, so that the
high-resolution imaging for long area coverage could be achieved by low-cost semiconductor devices.

Millimeter-wave radar head

Central office

Signal distribution network based on optical fiber

Figure 10. Configuration of a linear cell radar [32].

A liner cell radar system using radio-over-fibers has been developed for FOD detection on
runways [6,7]. The system uses FW-CW (frequency modulation continuous wave) radar technology,
where the sweep range and center frequency of the transmitted FM signal were 7.9 GHz and 96 GHz,
respectively. In Reference [28], the basic characteristics of a millimeter-wave FW-CW radar were
estimated, where the range resolution was 8 cm.

A field trial of our liner cell radar at a landing area of Narita International Airport (NRT) runway
34R is underway, where four radar heads are connected to a control unit located in a central office
close to Terminal 2, as shown in Figure 11. The duration of the two-dimensional image measurement is
4 s. Dispersion effect in the fibers whose lengths are less than 7 km have been successfully suppressed
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by the use of an optical two-tone signal generation, as described in Section 3. The optical signal is
converted to W-band millimeter-wave signals by photodetectors as well as frequency multipliers
and amplifiers. The radar system can detect metal objects whose radar cross-section is larger than
—20 dBsm, within a distance of 460 m [6,7]. Figure 12 shows an example of radar images obtained
by one of the radar units in the linear cell radar system at NRT. This was measured under light rain,
so the radar detected reflected waves from splashes by an airplane on the runway, as well as that
from runway edge lights. This implies the capability to perform agile and high-resolution imaging.
Two-dimensional special resolution can be enhanced using plural radar units for a particular area in the
runway. Now, another field trial at Kuala Lumpur International Airport (KLIA) is under preparation
for comprehensive testing of the linear cell radar system.

Central office

Surveillance area
(Four radar heads)

Figure 12. Linear cell radar image [6].

5. Possible Interference in Linear Cell Radars [32]

Spectrum congestion in millimeter-wave bands are not yet severe; however, frequency bands are
allocated to various radio services. In addition to remote sensing and radio astronomy, high-speed
wireless data transmission technologies using 90 GHz bands have been actively developed for
connecting high-speed trains and remote access units (RAUs). This implies that radio interference
at 90 GHz would be an issue in the near future. In the linear cell radar system, comprehensive RAU
control would be useful to suppress interference between the RAUs. The beam direction of each
RAU could be controlled by a central control unit to avoid such interference. All the RAUs could be
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connected to the central control unit through optical fiber links. However, strong interference would
occur, by strong radio-wave reflection from a smooth surface on an aircraft.

Figure 13 shows an interference model in a liner cell radar system to calculate the ratio of a desired
signal from an FOD and an undesired signal from another RAU located at the opposite side of the
runway. The beam cross-section was assumed to be Gaussian with a 1-degree FWHM (full width half
maximum). The radar cross-section of the FOD was assumed to be —20 dBsm. Figure 14 shows the
ratio between the desired and undesired signals (D/U ratio). The possibility of interference would be
roughly estimated by this calculated D/U ratio. If the beam angle difference was smaller than 1 degree,
the D/U ratio would be smaller than 0 dB. Thus, the angle difference between the RAUs should be
larger than 1 degree to suppress the interference described in Figure 13.

® - RAU

3000[m] 4\ \\

60[m]

Target

Figure 13. Interference model [32].
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20+
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-20
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Figure 14. Desired and undesired signal (D/U) ratio [32].

Here, we discuss the possibility of interference due to stray beams generated by reflection on
aircraft body surfaces. The angles and locations of such surfaces should be stochastic values, because
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they depend on the angles and locations of the aircrafts. For simplicity, their distributions are assumed
to be uniform. An interfering beam from a surface illuminates a RAU with a particular azimuth
angle illumination. The probability that the azimuth angle difference is smaller than 1 degree would
be 1/360. The probability that aircrafts reflect the beams would be 0.05, when the time interval of
landings and take-offs is 90 s. The average aircraft length and speed are respectively assumed to be
60 m and 50 km/h. If the antenna rotation period is 4 seconds, the false alarm rate per day would be
approximately 3.2. The false rate would be 0.08, by taking into account the factors of shadowing and
misalignment of elevation angle, which are assumed to be 1/4 and 1/10, respectively. A hybrid sensing
system consisting of high-resolution cameras and radars can be used to reduce the false alarm rate.
The direction of cameras would be controlled by information obtained by radars. In Reference [33], an
interference mitigation technique was reported, where false images were suppressed by using various
frequency sweep speeds for neighboring RAUs.
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