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Abstract—The design and test of a radio detection and
ranging (Radar) sensor signal acquisition and processing
platform is presented in this paper. The Radar sensor operates
in real time and is suited for surveillance applications in
transport systems. It includes a front-end with a continuous-
wave frequency-modulated transceiver operating in X-band, with
a single transmitter and multiple receivers, and a multichannel
high-speed A/D converter. Sensor signal processing and data
communication tasks with external hosts are managed by a field-
programmable gate array. The signal processing chain includes
region of interest selection, multidimensional fast Fourier
transform, peak detection, alarm decision logic, data calibration,
and diagnostic. By configuring the Radar sensing platform in
low-power mode (7-dBm transmitted power), it is possible to
detect still and moving targets with a covered range up to 300-m
and 30-cm resolution. The measuring range can be increased
up to 2 km by adding an extra 34.5-dBm power amplifier.
The Radar sensing platform can be configured for a maximum
detected speed of 200 km/h, with a resolution of 1.56 km/h,
or a speed up to 50 km/h with a resolution of 0.4 km/h. The
cross-range resolution depends on the number of receiving
channels; a tradeoff can be found between cross-range resolution
of the Radar sensor and its complexity and power consumption.
With respect to the state of the art of surveillance Radar sensors
and light detection and ranging, the proposed solution stands
for its high configurability and for the better tradeoff that can
be found in terms of covered distance and power consumption.

Index Terms—3-D fast Fourier transform (FFT), field-
programmable gate array (FPGA), light detection and rang-
ing (Lidar), radio detection and ranging (Radar) sensor, sensor
signal processing, surveillance sensors.

[. INTRODUCTION

MART transportation systems for surveillance, or for
driving assistance, require robust sensing platforms,
tolerant to bad light and weather conditions [1]-[12]. Radio
detection and ranging (Radar) sensors can allow for robust
detection of targets and measurement of their speed. distance,
and motion direction. Traditionally, Radar sensing platforms
have been realized for defence applications or for surveillance
of big infrastructures [13]-[18], e.g.. airports, or large areas,
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e.g., remote monitoring of land and coastal borders or bay
areas. The proposed sensors typically result in a cost and
size too high for civil applications in smart transport systems.
Low-cost and low-power Radar sensing solutions have been
recently proposed in the literature such as the 60-GHz
Radar in [19]-[21] for proximity detection, or low-power
ultrawideband (UWB) Radar sensors for measuring vital signs
in [22]-[25]. However, in the above cases, the covered range
is limited to few meters, and hence the sensors are not suited
for land and maritime transport surveillance applications.
When monitoring a railroad crossing, a road crossing, or
a parking, the needed detection range is in the order of
hundreds of meters. Extending the requirement to maritime
applications such as monitoring the ingress/egress traffic of a
harbor [16]. [26]. the range distance to be covered is
above 1 km.

To address these issues, this paper presents the design and
test of a Radar sensor acquisition and processing platform that
features high configurability. bounded power consumption, and
performance suited for applications in land and maritime trans-
port systems. Hereafter, Section II reviews the state of the art
of Radar sensing systems and of other competing technologies
to detect still or moving objects and to measure their motion
parameters. Radar sensor specifications for some transport
applications are discussed in Section III. Section IV details the
design of the Radar sensor mixed-signal front-end (transceiver
and A/D conversion). Section V deals with the signal process-
ing chain, whereas Section VI discusses its implementation
with FPGA technology. The experimental results for example
applications in transport systems are discussed in Section VIL
Section VIII presents a comparison of the proposed solution
with the state of the art and draws some conclusions.

This paper extends [27] in terms of the following:

1) new theoretical results (e.g.. the cross-range range
resolution analysis and the use of extra power amplifier
stage to increase the covered stage):

2) review of state-of-the-art mobility sensors [Radars, light
detection and ranging (Lidar), video cameras, and induc-
tion loops] in Section II and performance comparison in
Section VIII with Radars and Lidars:

3) new design and implementation results (e.g.. the tradeott
among number of receiving channels, characteristics
of the transmitting channel, performance of the



Radar sensor, and its cost in terms of power consumption
and circuit complexity):

4) new experimental results in Section VII (e.g.. measure-
ments at a distance above 1 km).

The main contribution of this paper versus the state of the art
is highlighted as follows.

1) The configurability of the maximum transmitted power,
which allows for different tradeoffs between the Radar
power consumption and the maximum covered range,
which can be 300 m in low-power mode or 2 km in
full-range mode.

2) The configurability of the number of receiving chan-
nels (up to eight), which allows for different tradeoffs
between angular resolution and the power consumption.

3) Real-time implementation of signal processing tasks
on the Artix-7 low-cost and low-power FPGA family,
thus saving power versus state-of-the-art designs using
graphical processing units (GPUs) and general purpose
processors (GPPs).

4) Radar parametric analysis, which highlights the interde-
pendencies existing among Radar performance and ana-
log and digital circuit parameters. This allows a codesign
of the mixed-signal transceiver with the FPGA-based
digital signal processing, and a tradeoff between the
Radar performance and its implementation complexity.

5) Application of the same surveillance Radar to maritime
and land applications (in Section VII surveillance for
ingress/ egress of ships in a harbor, monitoring of a
railroad crossing and of a car parking), whereas the
works at the state of the art usually present Radars
dedicated to a specific application.

II. REVIEW OF STATE-OF-THE-ART MOBILITY SENSORS

At the state of the art, the sensing technologies used to
detect the presence of a target, and to measure its dis-
tance, motion direction, and speed, are Lidars, also known
as laser scanners, thermal cameras, RGB and depth cameras,
or Radars.

A Lidar is an active sensor, which allows measurements
of distance with high resolution and. through time-of-
flight processing, also of speed. The SICK LMS 291 used
in [28]-[30] is able to scan a scene with a 180° horizontal
field of view (FOV) and 0.25° angular resolution (azimuth).
Its measuring range is up to 80 m with a resolution of few
centimeters. The Lidar active sensors from Velodyne, such
as the HDL-64E [1] also adopted for the proof-of-concept
Google self-driving car and the HDL-32E [31], have further
enhanced performances. The HDL-32E has 360° horizontal
FOV, 20° vertical FOV, and it allows for obstacle detection
with an angular resolution 0.1° (azimuth) and a distance
resolution of 2 cm in the range from 1 up to 100 m. However,
Lidars may be cumbersome and costly sensors. The LMS 291
in [28]-[30] has a weight of 4.5 kg and a power consumption
of 20 W from a 24 V dc supply. Its cost is about U.S. $ 6000.
The HDL-32E has lower weight, 1.3 kg, and lower power
consumption, 12 W, but for a cost of about U.S. $ 10000.
The cost of the HDL-64E is about U.S. $ 70000. The cost,
several thousands of euros, and the maximum distance,

typically limited to hundreds of meters for those proposed for
civil transport applications, are the main bottlenecks of Lidars.

Concerning the maximum distance to be reached. Lidars
for long-range sensing have been recently announced
in [32] and [33], which target mainly defense applications.
The Lidar in [32] and [33] incorporates an array of Geiger
mode (GM) single-photon detectors, following the original
development of MIT Lincoln lab in [34]. and then optimized
by Princetonlightwave [35] and Spectrolab [36] companies.
The GM Lidar from MIT Lincoln lab [34] has a nominal
detection range of 150 m, a range resolution of 40 ¢cm. and an
FOV of 10.8° (horizontal). The Lidar weight is about 13.6 kg.
and the cost is not reported. The Spectrolab SpectroScan
3-D LIDAR system model MLS 201 has an FOV of 60°
(horizontal), a detection range of 20 m, a sample spacing
of 0.1 m, an angular resolution of 0.2°, 30 W of power
consumption, and a weight of about 2.3 kg. The Kestrel
GM 3-D Lidar from Princetonlightwave [35] is used with a
resolution of 3.75 cm and a range depth of 300 m. In [32]. [33].
and [35]. increasing the detection range capability can be done
but with a tradeoff with other performances that get worse.
For example, in [35]. there is a proportional tradeoff between
distance and resolution, which changes from 3.75 cm at 300-m
detection distance to 18.75 ¢cm at 1500-m detection distance.
Therefore, further extending the range to 9 km, as declared
in [32] and [33]. the resolution should further get worse.
about 112 c¢cm at 9 km. The Kestrel sensor has a weight
of 1.4 kg and a cubic size of 10 cm per side. The power dissi-
pation is 16 W. For the GM 3-D Lidar system in [32] and [33].
for defense applications, the weight, cost., power consumption
of the whole system, as well as other characteristics such
as FOV, distance, or angular resolution are not reported.

Arrays of video cameras and/or ultrasound sensors and/or
infrared sensors have been proposed in [11], [12], [28]. [30].
and [37]-[39] for obstacle detection. They allow for low-cost
and low-power recognition and classification of target. thanks
to the evolution of CMOS camera-on-chip technology. How-
ever, the detection range and the measurements of distance
and speed with video cameras are typically limited to tens
of meters. As a consequence. target applications are limited to
parking assistance of cars or obstacle detection at low speed in
crowded urban traffic. Moreover, camera sensors operating in
the visible spectrum are not robust in case of bad weather and
light conditions. By adding also thermal cameras, operating
in long-wave infrared (LWIR, wavelength from 7 to 14 um)
spectrum range, thus creating a multicamera multispectral
system, the detection and measurement activities become more
robust to bad operating conditions (e.g.. sun glares, low light,
and fog). However, the maximum covered range is still limited
to tens of meters and the increased robustness is paid in terms
of increased cost, thousands of euros for multispectral video
measuring systems including an LWIR camera with Video
Graphics Array (640 x 480) resolution.

Radar technology, especially operating in the X-band
(from 8 to 12 GHz), is preferable to the above competing sens-
ing technologies for smart mobility surveillance. In a range
up to few kilometers, covering most of surveillance mobility
applications, Radar is less sensitive to weather conditions than



its competitors, allowing for a safe detection of obstacles
during heavy rain, snow, and hail, in the presence of dense
fog, strong sun glares, and environmental noises and vibration.
Radar sensing is also preferable to nonimaging technologies,
like induction loops and photoelectric or RF interruption beam
sensors, due to its relatively small size compared with the level
crossing area and its easier installation, use. and maintenance.
However, at the state of the art, most Radar sensors are too
cumbersome or power hungry. The pulse compression Radar
in [17] operates in Ku-band (12-18 GHz) with a transmitted
power of 8 W. It has a detection range from 20 m to 3.7 km
with a range resolution of 5 m. The total power consumption is
130 W and the weight is 35 kg. The 32-kW peak power for the
pulsed Radar in [18] allows for a 45-km covered range with
further increased size and weight versus [17]. The cost of these
Radars is in the order of tens of thousands of U.S. dollars.
The above characteristics are not suited for applications with
limited budgets in terms of cost, power consumption, size,
and weight. Compact Radars operating at millimeter waves
(e.g.. 22-24 GHz in [40]-[43]. 77-79 GHz in [44] and [45].
60 GHz in [19]-[21]. 80 GHz in [46], 90 GHz in [47], and
300 GHz in [48]) have been recently proposed. such as
the long-range radar third generation sensor technology from
Bosch [44]. This Radar sensor allows for target detection up to
200-250 m, with a resolution of 10 cm. The FOV is 30°; no
rotating elements are used. The typical power consumption
is 4 W, and the weight is about 300 g. However, for sur-
veillance applications in small harbor or in large parking, an
area of 250 m may be not enough. The covered distance with
60-GHz Radar sensors proposed in [19]-[21] or 80-GHz
sensor in [46] is lower, limited to few meters. The attenuation
of air and vapor at millimeter waves is at least one order of
magnitude higher than in X-band. Thus, reaching distances
above 1 km with millimeter-wave Radars would require a
too high transmitted power [47]. At lower frequencies, UWB
or continuous-wave (CW) Radars have been proposed in
[22]-[25] and [49]-[55]. Target applications are vital sign
monitoring through contactless measurements of chest or heart
displacements or contactless measurements in harsh industrial
scenarios. However, in all the above references. the covered
distance is limited to few meters.

III. RADAR SENSING PLATFORM SPECIFICATIONS

The Radar sensing platform for surveillance application in
transport systems has been designed considering the following
aspects. The targets to be detected are still or moving obstacles
like vehicles (cars, bikes, trucks, ships, and rolling stocks),
people, or animals suddenly crossing the road or the rail, with
a Radar cross section from few meters to hundreds of square
meters. The relevant materials are metal, wood, stone, heavy
plastic, and organic materials, which can be easily detected
by a Radar sensor [16]. The maximum speed to be detected
can be up to 50 km/h in urban scenarios or for trains passing
at a railroad crossing or for ships (whose typical speed is
around 20 knots, i.e.. 37 km/h) or up to few hundreds of km/h
in highways or for high-speed trains. The detection range to
be covered is from few meters in urban scenario to 300 m
in highway scenario, large car parking. or surveillance of

TABLE I
X-BAND FMCW RADAR SENSOR SPECIFICATIONS

VMAX (and VR), km/h Bw MHz dk, m D, m P'rx, dBm
50 (0.4) or 200 (1.56) {500 0.3 300 7
50 (0.4) or 200 (1.56) |75 2 2000 |345

smart cities from an unmanned aerial vehicle (UAV). When
monitoring a harbor, the covered range can be above 1 km.
Table I reports the main Radar sensor specifications of this
paper in terms of bandwidth of the Radar transceiver (Bw).
maximum transmitted power Prx. maximum detection dis-
tance along the radial direction D. distance resolution dg.
speed resolution vg, and maximum detected relative speed
(absolute value) between the sensor and the target Vyax.
The X-band is a good choice for Radar working frequency,
being a tradeoff among dimensions of sensors and antennas
(the wavelength at 10 GHz is 3 cm). working bandwidth,
resolution, range of use, capability of standard silicon tech-
nologies to operate at such frequency, and environmental
conditions. Reference [56] proved that rainfall, snowfall, and
fog cause negligible drawbacks on the Radar sensor detec-
tion capability because the wavelength at X-band is much
bigger than the water droplets and ice crystals of these
weather phenomena. To keep low the power consumption
and the electromagnetic interference, the best choice is a
frequency-modulated (FM) CW Radar. Differently from pulsed
Radars, emitting high peak power pulses (hundreds of watts
or even kilowatts), the FMCW Radar emits continuously
much lower power levels working with the same signal-to-
noise ratio (SNR). Using an FMCW scheme, we can exploit
integrated power amplifiers instead of cumbersome and costly
high-power high-frequency transmission systems like klystron
and magnetron typical of pulsed Radars. As it will be shown in
Section VII (see Fig. 7). to ensure an SNR higher than 15 dB
at receiver side, a target distance D of 300 m can be covered
with a transmitter power Prx limited to 7 dBm. To reach a
maximum distance D of 2 km, an extra power stage is added
providing Prx = 34.5 dBm at the antenna. Range and speed
resolutions have been chosen to match typical obstacles dimen-
sions of civil transportation systems. To keep low the sensing
system complexity and the power consumption, a coarse
resolution is adopted when increasing the maximum measuring
range. Therefore, the proposed Radar sensing system has been
sized for resolutions dg of 30 cm and 2 m when the maximum
radial distances D are 300 m and 2 km. respectively. To
reach these resolutions, the bandwidth (Byy) of the transceiver
should be sized from (1), where ¢ is 3-10% m/s in free space.
The speed resolution vg is 0.4 and 1.56 km/h when the max-
imum detected speed Vmax is 50 and 200 km/h, respectively

By =, (1)

2dg

IV. DESIGN OF RADAR SENSOR
MIXED-SIGNAL FRONT-END

A. Radar Sensor Front-End Design

Fig. 1 shows the architecture of the FMCW Radar sensor
front-end using one transmitter and Mgr = 4 receivers.
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Fig. 1. X-band FMCW Radar sensor mixed-signal front-end. Mg = 4.

The architecture is scalable in terms of receiving channels and
can be implemented as a microwave board, assembling com-
mercial off-the-shelf chipsets for the main building blocks. To
reduce system cost and size, a fixed antenna approach has been
followed, and hence there are no moving parts in the Radar
sensing system. The FMCW Radar operates at a maximum
bandwidth of 500 MHz around 10 GHz (see Table I).

To also detect the direction of arrival of targets, multiple
receiving channels have to be used. As reported in [26], for
an FMCW, using a patch antenna array with My receiving
elements each at distance dan, the angle resolution A#, and
its minimum at boresight is reported in (2). Equation (3) shows
the corresponding cross-range resolution R = D- Af. The size
of the patch antenna array is about Mg - dan. The gain of the
patch array receiving antenna varies from about 5.5 dBi with
one element up to 12.2 dBi with eight elements

y)

2 (Mg — 1) - dan -cos(@) = min
A
2. (Mg —1)-dan
A-D
R(O) = AO - D = Ryin = 3)

2. (Mg —1)-dan’
For example. with Mg = 8. and using a patch antenna array
with dan = 4. it is possible to achieve a cross-range resolution
of about 1.6 m, which is the typical width of a medium
car, at a distance of 23 m, which is the stopping distance at
30 m/h (i.e., 48 km/h). The stopping distance is calculated
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Fig. 2. Linear FMCW ramps transmitted/received by a Radar sensor.

by adding the thinking distance and the braking distance.
The corresponding angle resolution is 4.1°. This resolution
can be further improved implementing complex algorithms,
such as multiple signal classification [57] in the digital signal
processing domain, which is out of the scope of this paper.
The length of the receiving patch antenna, realized as uniform
linear array. is 24 cm with Mg = 8.

As far as the transmitter antenna is concerned, a Fabry-Perot
resonating topology. as in [58], is used. This antenna features
a gain of 13.4 dBi, an S11 return loss below —10 dB in the
bandwidth of interest, a size at 10 GHz of 7.2 x 7.2 cm?, and
a half power beamwidth of £30° in azimuth.

The single-channel transmitting section in Fig. 1. thanks to
a phase locked loop (PLL). generates the FMCW signal by
modulating the output frequency continuously according to
a periodic linear sweep (saw-tooth) in a maximum range of
Bw = 500 MHz around 10 GHz (see Fig. 2).

The selected waveform synthesizer [59] and the voltage
controlled oscillator [60], forming the PLL, allow for the
generation of an FMCW output with a linearly varying instan-
taneous frequency f () = K -, where K is the chirp rate and
its maximum value is K = 3.7 - (10'3/3'3). Given in Fig. 2
a sweep time Tsw of 135 us, the PLL permits to obtain
the maximum value of By = 500 MHz in Table I. which
corresponds to a range resolution of 30 cm.

The selected VCO has a maximum output power of 7 dBm,
which as proved in Section VII (see Fig. 7) is enough to
reach a Radar covered distance of 300 m, thus avoiding
cumbersome high-power amplifier stages. as in [17] and [18].
In case an echo is received, due to the presence of a target.
the time-of-flight delay along the radial distance D causes
a frequency shift of the received FMCW signal versus the
FMCW transmitted one. Therefore, the frequency range of the



beat signal that appears at the output of the mixer depends on
the maximum distance D to be covered. For a coverage range
up to 300 m, the frequency content of the beat signal fggar
at intermediate frequency (IF). at the output of the mixer, is
up to 7.4 MHz. The received signal also has a frequency shift
due to Doppler effect. which depends on the relative speed
between the target and the Radar sensor. In case of a maximum
detected speed Vyax of 200 km/h, i.e., almost 55.5 m/s, the
Doppler shift is limited to 3.7 kHz around the above calculated
beat signal. A sixth-order low-pass filter, with a bandpass in
accordance with the IF content, is used as antialiasing filter
before sampling the beat signal with an A/D converter (ADC)
at Nyquist rate (15 MS/s per channel).

As far as the receiver path is concerned. the total receiver
gain for each of the Mg channels is 72 dB, of which 28 dB
is due to the low-noise amplifier (LNA), whereas the remain-
ing 44 dB of gain is obtained in the active mixer stage and
in the IF amplifier stage. The noise figure for each receiving
channel is 4.2 dB. which according to the Friis formula is de
facto determined by the noise figure of the LNA.

B. Radar Sensor Scalability

The analog received signals are converted through a mul-
tichannel pipeline ADC. According to (3). depending on
the required cross-range resolution, a different number of
receiving channels Mg has to be used, and hence a different
A/D converting board has to be selected. If only range and
speed data are needed. a low-power and single-channel ADC
is used such as the ADS9649-20. It provides a sampling rate
up to 20 MS/s with a power consumption of 45 mW with a
power supply of 1.8 V. It has 14 nominal bits and a signal
to noise and distortion ratio of about 72 dB corresponding to
12 effective number of bits (ENOBs). To achieve also angle
and hence cross-range information from the Radar sensor,
the number of receiving channels has to be increased. The
maximum supported number of channels in this paper is eight
by the AD9681 device, which allows for a sampling rate
of 125 MS/s (i.e.. 15.625 MS/s per channel). Its power
consumption is 880 mW, i.e., 110 mW/channel with a power
supply of 1.8 V. The performance in terms of nominal bit
resolution, 14, and ENOB, at least 12, is the same of lower
channel solutions. By targeting the same value of nominal
bits and ENOB, for four channels, the AD9253-80 provides a
sampling rate of 80 MS/s (20 MS/s per channel) and a power
consumption of 280 mW, i.e., 70 mW/channel, with a power
supply of 1.8 V.

Before the transceiver realization, several simulations have
been carried out both at the circuit and system levels using
ADS (Agilent Technologies) CAD environment. Realizing
the receiver channels, the transmitter channel, and the ADC
section in separated boards, it makes easier the proof-of-
concept prototype realization and test and the scalability of
the final Radar sensor assembly. The snapshot of a single
microwave board (that for a receiver channel) has been already
reported in [27]. Depending on the number of desired channels
(from one to eight). the boards are stacked each on top of the
other, and contained in the same compact shielded case in

TABLE II

RADAR SENSOR FRONT-END: TRADEOFF AMONG RECEIVING
CHANNELS M. POWER CONSUMPTION, COVERED RANGE D,
TRANSMITTED POWER, RESOLUTIONS OF ANGLE A#,
CROSS RANGE R, AND DISTANCE dg

Mg| R AO Prx=7 dBm Prx =34.5 dBm
Power D, dr Power D, dr
consumption consumption
1 | NA [ NA 2.34W 300 m, 10.74 W 2 km,
4[383m[94°] 597W | 30em | 1437W 2m
8 [1.64m]|4.1° 112 W 19.6W

the final system assembly. The case will be connected to the
receiving and transmitting antennas and to the power supply.
The low-frequency output of the mixer, after low-pass filtering
and amplification, is available for sampling, A/D conversion,
and signal processing on the FPGA.

The scalability of the proposed system is increased by
foreseeing an extra power stage board. For example, using the
HMC952A power amplifier [61]. it is possible to cover the
X-band with a power gain of 33 dB. The transmitted output
power at the antenna is up to 35 dBm (3.16 W) considering the
saturated power Pgye and up to 34.5 dB (2.82 W) considering
the output power 1-dB compression point, i.e., operating in
a linear region with maximum [-dB compression versus an
ideal transfer curve. The third-order intercept output power
is 43 dBm.

By adding this extra stage, as proved in Section VII, the
maximum detection distance is 2 km. This extra covered range
is paid in terms of an increased power consumption of 8.4 W
(1.4-A current drained from a 6 V supply source). The power
consumption of the sensor analog front-end. including the
ADC, is reported in Table II as a function of the number
of received channels Mg, considering both the configurations
with 7- and 34.5-dBm transmitted output power. Table II also
summarizes the maximum covered distance, D, the corre-
sponding resolution dg. the relevant angle resolution, and the
cross-range resolution R at a radial distance of 23 m (the
stopping distance for a speed of about 50 km/h).

It is to be noted that the bandwidth content of the beat
signal at IF depends on the maximum covered range D
according to (4). When adding the extra power amplifier
stage, which allows reaching a longer distance D (from
300 m to 2 km), to keep the maximum fir value, the chirp
rate of the waveform synthesizer has to be reduced from a
value K = 3.7 (10'2/52) to a value K = 0.55 - (10'2/s2).
In this way. we keep constant the Radar sensor sizing in terms
of low-pass filter, Tsw. ADC sampling rate, but we achieve a
coarse distance resolution of 2 m instead of 30 cm. Therefore,
in the proposed sensing system. there is a constant ratio
between the distance resolution and the maximum covered
distance of 1/1000 (30-cm resolution at 300-m distance and
2-m resolution at 2-km distance)

Concerning the effect of the phase noise of the waveform
synthesizer, as discussed in [62], in FMCW Radar, the
phase noise can mask out targets. Indeed. targets are detected



at frequency offsets of the carrier. The phase noise also
contributes to inaccuracy of the detected signals, which leads
to uncertainty in the range measurement. However, in our
case, the frequency generation in our transceiver has a very
low phase noise of — 96 dBc/Hz at 1 kHz (—115 dBc/Hz
at 10 kHz). In the mixer of an FMCW Radar receiver, the
transmit signal is injected so that it can be mixed with the
received signal. As discussed in [62]. the phase noises of
the transmitted and the received signals are to some degree
correlated, and this effect can be exploited to improve the per-
formance since at the output of the mixer is the difference that
is important. As demonstrated in [62], the spectrum density of
the phase noise difference [at the output of the mixer. which
is the information digitized and processed by the fast Fourier
transform (FFT)] is the spectrum density of the phase noise
of the transmitted signal multiplied by a scaling factor SF in

SF =4 -sin(x -1 - for/C) (5)

where the parameter / is the path length between the two
signals, forr is the frequency offset, and ¢ is the speed
of light. For example, at a frequency offset forr = 1 kHz
and targeting a distance of 300 m, the reduction factor
is 44 dB, i.e.. the phase noise at the output of the mixer is
—140 dBc/Hz. Such a noise contribution at the output of the
mixer has not practical consequence in our system where the
dynamic range is limited at 72 dB. Moreover, considering that
for still targets, fir = K -2-D/c and being K = 3.7-(10'2/s2),
in our case., the presence of spurious signals at an offset
of 1 kHz in fir would correspond to a distance ambiguity
of few centimeters. one order of magnitude lower than the
30-cm ambiguity due to the limited bandwidth. Summarizing,
given the sizing of the present system, the phase noise in the
waveforms generation is not a bottleneck.

V. RADAR SENSOR SIGNAL PROCESSING

The FMCW Radar sensor signal processing chain has been
implemented using low-cost devices from the Xilinx Artix-7
FPGA family [63]. As discussed in Section IV, the Radar
sensor mixed-signal front-end (receiver channels plus A/D
multichannel converters) produces as output a digital signal
containing information about the monitored area: if there is
a target, its speed. range (i.e., distance along the radial direc-
tion), and cross-range position with a resolution depending
on the number of channels. By converting the Mg received
analog signals using an ADC working at 15 MS/s per channel
with an ENOB of 12 b (a higher value of nominal bits is
decimated at 12 b), a data rate of Mg - 180 Mb/s is obtained.
The data rate is 720 Mb/s and 1.44 Gb/s in the cases of four
and eight receiving channels, respectively. This data flow may
be processed by the FPGA-based section of the Radar sensor
to detect possible obstacles inside the observation area and
to extract speed. range, and cross-range measurements.

The first step is applying for each of the Mg receiving
channels a 2-D FFT: first. a 1-D FFT is applied along each
linear sweep of the FMCW received signal with a frequency
resolution of about 1/7sw = 7.4 kHz. Considering the input
rate of 15 MS/s, this means a 1-D FFT of about 2030 samples.

A power-of-two value of a 2048-point FFT is selected. The
outputs of the first 1-D FFT are stored in a transpose RAM
by row. The speed information due to Doppler shift can be
obtained by observing the phase shift due to a target when
multiple ramps in Fig. 2 are applied. As proved in [16], the
number Npmp of ramps depends on the maximum speed to
be detected and on the speed resolution. Considering a max-
imum speed of 50 km/h and a speed resolution of 0.4 km/h,
the number of sweeps and hence the number of rows is
roughly 250. By selecting a power-of-two value of 256,
a transpose memory of 256 - 2048 locations is required. With
256 ramps, if the maximum speed increases to 200 km/h,
the speed resolution is 1.56 km/h. Along the 2048 columns,
a 256-point FFT has to be applied, and as a result, a range-
Doppler 256 - 2048 map is obtained. Peaks along the rows
reveal the distance of a target, whereas peaks along the
columns reveal the speed of the target. To this aim, a peak
detection algorithm has to be used such as the cell averaging
constant false alarm rate. The computational cost is mainly
due to the 2048-point FFT that has to be calculated for all the
256 rows and the 256-point FFT that has to be calculated for
the 2048 columns.

If cross-range information is also needed. together with
range-Doppler map. then the above operations (2-D FFT
plus peak detection) have to be repeated for each of the
Mg channels. The phase difference of the radial distance and
of the speed results of the My different channels can be used
to estimate the target cross range, i.e., the position of the
target in the azimuth direction. To this aim, a third 1-D FFT is
required to be applied for all the 256 - 2048 M g-point vectors
of the range-Doppler-azimuth cube of data. As a global result,
a 3-D FFT processing is needed. Considering, for example,
Mp = 4, the memory required amounts to 2M words each of at
least 24 b (12 ENOBs each for real and imaginary parts), i.e.,
about 50 Mb. By increasing the number of received channels
to eight. the transpose memory increases to about 100 Mb.
Fig. 3 summarizes the steps of this sensor signal processing
chain and the data organization.

The computational cost of each N-point FFT to be
calculated S times is S - N - Log, N. Thus. (6) shows the
number of multiply and accumulate (MAC) operations,
considering Mg channels, to be calculated in a time slot of
Niamp - Tsw = 34.56 ms for all the FFTs in the 3-D FFT. For
the cases Mg = 4 and Mg = 8. the computational burden is
1.274 - 10° MAC and 2.67 - 10 MAC operations per second,
respectively

Mg - [256 - 2048 - 11+ 2048 - 256 - 8]
+2048 - 256 - Mg - Log, Mg. (6)

As an alternative, another approach is first solving for
each ramp the range-azimuth detection problem with an
Mp - 2048 2-D FFT processor. First, a 2048-point FFT has to
be calculated for the Mg rows, and then an Mg-point FFT has
to be repeated for the 2048 columns. This approach is useful
to achieve a range-azimuth (cross-range) spatial image. Once
successive frames are obtained, a motion detection algorithm
operating in time [64] or in frequency domain can be used.



RANGE RANGE
A
\ x
@ | u
a
: | &
3| I
v 1B =
v ! &
Rx s L L] AZIMUTH
A
§_, Range »{Doppler| | Azimuth | | peaks e
process Process Process detection | Target
Info
v v
== 1
g 8 f
2 1 7 1
£ o
& 2. I
y ',, | |
'\\.‘ ‘ Rx channels L
Rx channels =
@ Samples/ramp (2048) RANGE

Fig. 3. Range-Doppler 2-D FFT sensor signal processing plus a third FFT
along the channels for azimuth estimation and peak detection.

RANGE RANGE
2 | A
o —t——
= |
3 \
Ty B [~
> »UH
- \ 1 AN, | -
P DOPPLER 4 ¥
a A
§_, Range o Azimuth| Doppler | .| peaks >
process Process Process detection | Target
Info
-
e
2 T ] *
o 1
g ‘ \
3 ‘
3 [ E
@ . 4 2/
w! & ! =
Ramps 4 Ramps "] - 77177 | v
Samples/iramp RANGE
Fig. 4. Range-azimuth 2-D FFT sensor signal processing plus a third FFT

for motion estimation in frequency domain and peak detection.

The motion estimation in the frequency domain can be
implemented through an FFT [16]. By observing the target for
256 sweeps also in this case, a third FFT has to be applied for
all the Mg -2048 256-point vectors of the Mg -2048-256 cube
of data. All operations have to be conducted into the same
time slot of Npmp - Tsw = 34.56 ms. Fig. 4 summarizes the
steps of this sensor signal processing chain.

It can be demonstrated that the computational cost of this
second data arrangement is the same as above. This second
approach is useful when only a range-azimuth (cross range)
spatial image is needed. from which thanks to a change
of coordinates (from polar to cartesian ones) a conventional
spatial image in the X-Y Cartesian space may be obtained.

The bottleneck for real-time Radar sensor signal processing,
in this paper, is the pipeline processing of the three 1-D FFT
blocks at 2048, 256. and 8 points, respectively. As far as
the data size is concerned, the incoming complex samples
to the FFT processor from the transceiver are digitized at
24 b (12 b for real and imaginary parts). The clock of the
FPGA-based processor (see Section VI) implementing the
3-D FFT calculation is properly sized to implement in worst
case all operations in a time slot of Nmp - Tsw = 34.56 ms,
being Namp = 256 and Tsw = 135 ps.

A preliminary region of interest (ROI) selection task allows
removing parts of the observed area that are not of interest,
thus reducing the computational cost.

VI. FPGA-BASED SENSOR SIGNAL PROCESSING CHAIN

In this paper, differently from [7] and [8]. adopting GPPs,
or [11] and [65] using GPU high-parallel computing platforms,
the sensor signal processing chain has been implemented with
a single FPGA. The FPGA also implements the data gain
calibration. The aim of this task is calibrating the Radar sensor
to increase the robustness of the system to environmental
variation, e.g., temperature variations, that may occur during
its functioning. To implement the calibration unit. a special
loopback path has been implemented inside the sensor. The
transmitted signal is routed through this special path and sent
back to be received, once digitalized, by the FPGA to perform
the calibration operation as the antenna signal is received
and to perform the diagnostics function. The same FPGA
device also manages the low-level hardware interfaces of the
system. Indeed. FPGAs allow for a better tradeoff in terms of
computational power and power consumption than GPP and
GPU. Moreover, the communication and computational cost
requirements of Section V (less than 1.5-Gb/s transfer rate
and less than 3 - 10 MAC operations per second) are within
the capability of low-cost and low-power FPGA families such
as the Artix-7.

The processing algorithm has been first prototyped in
MATLAB environment, and then translated in HDL language.
The FPGA devices belonging to the Artix-7 family are realized
in 28-nm CMOS technology and are offered at a price compa-
rable with Spartan6 low-cost family. With respect to Spartan6
FPGA family, the Artix-7 one has much higher resources in
terms of digital signal processor blocks, each with a preadder,
a 25 x 18 multiplier, final adder, and accumulator. Beside the
DSP blocks, 740 in the XC7A200T device [63]. this FPGA
component has also combinatorial and sequential configurable
logic (roughly 135000 lookup tables and 270000 flip-flops).
13.14 Mb of embedded block RAM, up to 16 transceivers
capable of 3-Gb/s data transfer toward external hosts, and
embedded SDRAM controller. Since 13.14 Mb of memory is
lower than the 50 or 100 Mb required by a transpose memory
with Mg = 4 or Mg = 8 receiving channels, then external
SDRAMs have to be used.

There is also a control module that implements the inter-
faces of the FPGA with the multichannel ADC and starts the
waveform generation. The control module also implements a
unit to write and read from an on-board FLASH memory.
This may allow storing the relevant processing intermediate



outputs in a nonvolatile memory, used to reload such data
when needed (for example, when restoring from blackouts).
Specific FPGA blocks implement the operations described in
Section V. A pipeline cascade of the three 1-D FFT blocks
is implemented. To avoid dependencies among range and
Doppler and azimuth data, proper ping-pong buffers are used.
They are mapped in external SDRAMs since each buffer has
a size of 50 (Mg = 4) or 100 Mb (Mg = 8). Each of the
1-D FFT algorithms (2018-point FFT, 256-point FFT, and
4-point FFT or 8-point FFT depending on if Mp = 4 or
Mg = 8 channels are used) was designed exploiting the digital
macrocells we developed in [66].

The 256-point FFT is designed using a cascade of four
radix-4 stages. The four-point FFT requires just one radix-4
stage. A mixed radix-2/radix-4 architecture is used for the
2018-point FFT (five radix-4 stages plus one final radix-2
stage) and for the eight-point FFT (one radix-4 stage plus one
radix-2 stage). By running the FPGA clock at 250 MHz with
an Artix-7 XC7A200T device. the required computations can
be processed within the observation time of 34.56 ms. The
power budget for the FPGA-based signal processing is about
1.15 W in case Mg = 4, where 0.15 W are due to static FPGA
power consumption and for channel-independent functions
such as diagnostic, calibration, management of interface versus
the ADC, the transmitter, and an external host. The power
budget for the FPGA-based signal processing is about 2.15 W
in case Mg = 8. These FPGA power values have to be
added to the power budget of Table II. Therefore, the whole
power budget in the case of four receiving channels is from
7.12 to 15.52 W depending on the transmitted power and
hence on the maximum covered distance. The above values
increase to 13.35 and 21.75 W in the case of four channels.
If the angular and hence the cross-range information is not of
interest (the Radar sensor provides just target detection and
a measure of its speed and radial distance). then the FPGA
power consumption with Mg = 1 is about 0.4 W. In this
case, the total power consumption budget is reduced to 2.74 W
for 300-m maximum covered distance and 11.14 W for 2-km
maximum covered distance.

VII. APPLICATIONS OF THE RADAR SENSOR TO
SURVEILLANCE TRANSPORT SYSTEMS

Using the implemented scalable Radar sensor acquisition
and processing platform, different FMCW Radar configura-
tions can be implemented. All of them operate in the X-band
for surveillance in mobility systems: the detected range is up
to 300 m, with a resolution of 30 cm, when transmitting an
output power up to 7 dBm (5 mW) and is up to 2 km, with
a resolution of 2 m, when transmitting an output power up to
34.5 dBm (2.8 W). Single or multiple receiving channels can
be used. Depending on the data flow used (that in Fig. 3 or 4),
and stopping the FFT processing to the first two dimensions,
the sensor can be used to obtain only a range-Doppler map,
i.e.. information on range and speed, or only a range-azimuth
map, i.e.. information on range and cross-range position.

For example, Fig. 5 shows the range and speed results
of a test campaign held in the car parking of the
Department of Information Engineering at Pisa University
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Fig. 5. Radar target detection in a car parking.

after the 2-D FFT has been applied and the range-Doppler
map has been extracted. In the reported example, the Radar
sensor was configured to process Mg = 1 receiving channel,
with an output transmitted power of 0 dBm (1 mW) with
a maximum distance of 150 m. Three different targets have
been detected in this specific scene: Target A at a distance
of 81 m and with a relative speed of 21 km/h, Target B at
a distance of 44 m and a relative speed of 5.5 km/h, and
Target C, almost still, at a distance of 77 m. The detected
targets do not appear like a point in the range-doppler map.
but rather like an oval. This is due to the physical size of the
targets but also to the resolution limits in distance and speed
of the Radar sensor (see Table I). As it is shown in Fig. 5
for Target B, thanks to a postprocessing step on the range-
Doppler image, it is possible to extract the target size along the
radial axis (4 m for Target B in Fig. 5. with a resolution limit
of 30 ¢cm) and the speed (5.5 km/h for Target B in Fig. 5,
with an uncertainty of 0.4 km/h. due to the speed resolution
limit). These experimental results demonstrate that the dis-
tance and speed resolution limits, derived from calculations
in Sections III and IV and used for Radar design (see the
report in Table I), can be obtained in real application scenarios.
This is also due to the fact that the proposed Radar design is
sized to reach maximum distances with an SNR at receiver
side of about 20 dB. At the state of the art, there are
works [67] demonstrating that 12 dB of SNR is enough for
an FMCW Radar to detect vehicles. Therefore, the margin
of several decibels in the SNR ensures that the expected
performance from theoretical analysis can also be met in real-
world applications.

To increase the safety of railroad or road urban crossing,
the proposed Radar sensor has been configured to use
all the receiving channels of the patch antenna. For the
processing, first range-azimuth data have been extracted
through the 2-D FFT. The proposed system also implements
a data gain/offset calibration technique, discussed in [6].
Fig. 6 shows, when monitoring a railroad crossing, a sequence
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of three images got after the ROI selection. range-zimuth
map extraction, peak detection, and alarm decision. Before
displaying the acquired image, a conversion from range-
azimuth coordinates to Cartesian x-y coordinates is done.
In Fig. 6. a car is detected when moving on a railway crossing
in an area 20-25 m? at a distance of about 10 m. The dangerous
zone (within the rails) and the safe zone (outside the rails)
are also highlighted. The speed information is not needed in
this case since the main objective is detecting the presence of
an obstacle moving in the railway area. If speed information
has to be extracted. this can be done in the frequency domain
by applying the third 1-D FFT processor, as shown in Fig. 4.

Fig. 7 shows the transmitted power (dBm) that is needed to
reach a given SNR at the output of the digital signal processing
chain, considering two Radar configurations with maximum
covered range of D = 300 m (30-cm resolution) and
D = 2000 m (2-m resolution). In both cases. a target with
a radar cross section of 1 m” has been considered. whereas
for the maximum detected speed, we considered 130 km/h.
Fig. 7 is obtained in the direction of maximum antenna gain,
which is 13.4 dBi for the Fabry-Perot transmitting antenna
and 12.2 dBi for the patch array receiving antenna. With
7 and 34.5 dBm in Fig. 7. the SNR value is at least 16 dB at
the maximum distances.

Fig. 8 shows the result, in the case of a maritime applica-
tion, of an acquisition, ROI selection, and range-speed map
calculation for a ship entering a harbor at a speed below
5 knots (about 9 km/h). The detection distance in Fig. 8
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Fig. 8. ROI selection of a range-speed map for a maritime surveillance
application.

is above 1.3 km. In maritime applications, the maximum speed
can be limited to few tens of km/h since 20 knots is a typical
ship cruise speed.

VIII. CONCLUSION

This paper has presented a scalable architecture for an
acquisition and FPGA-based processing platform of a Radar
sensor with a single transmitter and multiple receivers. The
sensing system realizes an active sensor where an X-band
transceiver emits frequency-modulated CWs with 7-dBm
transmitted power. Adopting a 500-MHz bandwidth sweep
around 10 GHz, a total observation period of 34.56 ms
(256 ramps each for a time sweep of 135 us) ensures a
maximum sensing range of 300 m with a resolution of 30 cm.
The angular resolution and the relevant cross-range resolution
depend on the number of receiving channels. Using a scalable
patch antenna array up to eight elements, an angular resolution
of few degrees is obtained.

The received signals from the different acquisition channels
are processed using a multidimensional FFT-based chain to
extract range, azimuth, and Doppler information, i.e.. position
and speed of the target. An SNR of 20 dB is ensured at receiver
output when transmitting 7 dBm (5 mW) at 300-m distance.
By adding an extra power stage with 34.5-dBm (2.82 W)
capability, the active sensing system can be configured to reach
a target distance up to 2 km with a coarse resolution of 2 m,
leaving all the rest of the hardware unchanged (the SNR at
receiver side is about 15 dB).

The presented results show that the Radar sensor allows
detecting moving and still targets in different mobility services
like safe monitoring of railroad crossing, or in car parking,
or in harbor monitoring. By changing the configurations in
terms of number of receiving channels (which determines the
angular and cross-range resolutions) and transmitted power
(which determines the maximum sensing distance), the total
power budget is from 2.74 W (one receiving channel and
7-dBm output power) to 21.75 W (eight receiving channels
and 34.5-dBm output power). For the proposed Radar,
the estimated cost and weight for a medium volume
production (e.g., 10000 pieces) is within 500 euros and 1 kg.



TABLE III
COMPARISON WITH STATE-OF-THE-ART RADAR AND LIDAR SENSORS

Type Power [Range, Receiving (Output
cons. resolution |Channels |power

This Radar X-band [2.74 W (300 m, 1 7 dBm

work FMCW 30 cm

This Radar X-band [11.14 W |2 km, 1 345

work FMCW 2m dBm

This Radar X-band [13.35 W [300 m, 8 7 dBm

work FMCW 30 cm

[42, 43] |[Radar K-band |N/A N/A 1 3 dBm
Pulsed UWB

[17] Radar Ku-|130 W (3.7 km, N/A 40 dBm
band Pulsed Sm

[18] Radar X-band |N/A 45 km, N/A 75 dBm
Pulsed N/A

[71 Radar X-Band [>100 W {1200 m, 3 33 dBm
FMCW 40 cm

[69] Radar S-Band [N/A 100m, 4 20 dBm
FMCW 20 cm

[19] Radar V-band [N/A <3.5 m, N/A |N/A N/A
FMCW

[70] Radar X-band {650 W |50 km, 1 50 dBm
FMCW 15m

[51] Radar C-Band{3 W 3m, 1 11 dBm
FMCW N/A

[31] Lidar 12W 100 m,2 cm [N/A N/A

[71] Lidar 20W  [80m,2cm |N/A N/A

[44] Radar W-band [4 W 200m, 4 7 dBm
FMCW 10 cm

[10] Radar W-band 20 W |200m, N/A 12 dBm
FMCW 25 cm

[68] Radar Ku-|N/A 20m,5cm |1 30 dBm
band Pulsed

Table III compares this paper with the state of the art of
Lidars and Radars operating in the range from few gigahertz
to 77 GHz.

With respect to the Velodyne Lidars, also adopted in the
Google autonomous car [1]. the proposed Radar achieves a
worst distance accuracy (tens of centimeters in the best case
instead of few centimeters for Lidars) but a much higher
detection range, up to 2 km, instead of 100 m only for Lidars.
The power consumption of the proposed Radar in its worst
case is comparable with that of state-of-the-art Lidars.

Low-power Radar sensing platforms have been proposed in
the literature, but with a detection range of few meters. For
example, let us consider the proposals of reusing for Radar
the 60-GHz front-end and the powerful DSP processor already
available in the next generation of smart phones in [19]-[21]
or the Radar sensor for contactless vital signs measurements
in [22]-[25] and [49]-[55]. With respect to these works, the
design proposed in this paper has performances (detection
range up to 300 m with a resolution of 30 cm. emitting only
7 dBm at the output) suited for smart mobility applications.

Analyzing the literature of long-range surveillance Radar
sensors, most of them [17], [18], [70] are sized for much
higher peak power. For example, the pulse compression
Radar in [17] operating in Ku-band with a transmitted power
of 8 W has a detection range from 20 m to 3.7 km with
targets with RCS of few square meters. The range resolution

is 5 m. The total power consumption is 130 W and the weight
is 35 kg. The Radar in [18] allows for a 45-km covered range
but emitting peak power pulses up to 32 kW. A maximum
distance of 50 km is also reached in [70] reducing the emitted
power at 100 W thanks to the use of the FMCW technique in
X-band. However, the overall power consumption of 650 W
and the resolution, limited to 15 m, make the Radar in [70]
unsuited for the target applications of this paper. With respect
to other Radars in X-band [7]. the proposed design ensures a
much lower power consumption. In [7]. the power consump-
tion is higher than 100 W targeting a 1.5-km distance, whereas
in our case, the power consumption is from 2.74 to 21.75 W
depending on the configuration. When comparing this paper
with the X-band Radar discussed in [16. Ch. 6]. it is worth
noting that this paper refers to a complete Radar solution
(TX and RX antennas plus transceiver, ADC, and FPGA
real-time signal processing). Instead, [16] describes only the
transceiver and misses the design of the antenna, of the ADC,
and of the FPGA-based digital signal processing and control.
Moreover, the transceiver in [16] is sized for a bandwidth
of 300 MHz leading to a resolution of 50 cm, whereas
in this paper, the waveform synthesizer is sized to provide
an increased FMCW bandwidth of 500 MHz, which allows
for a better resolution of 30 cm. Furthermore, the power
amplifier in [16] refers to a fixed transmitted power of 10 W,
whereas this paper implements a configurable solution allow-
ing for different tradeoffs between Radar performance (max-
imum target distance and output SNR) and overall power
consumption.

With respect to 77-79-GHz Radars, as in [10] and [44].
the proposed work stands for a much larger covered dis-
tance. roughly one order of magnitude (from 200 to 250 m
in [10] and [44] to 2 km in this design) for comparable power
budget. This is a key characteristic to adopt the Radar as a
ubiquitous sensor to be installed not also in fixed positions,
but also on-board vehicles such as cars or UAVs. Future work
in this direction will be related to the characterization of
the proposed Radar sensing system in the harsh operating
conditions of aerial and land vehicles [72].
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