ﬂ SCNSors m\py

Review

Portable Microwave Radar Systems for Short-Range
Localization and Life Tracking: A Review

Zhengyu Peng *{0 and Changzhi Li 2

1 Aptiv PLC, Kokomo, IN 46902, USA

2 Department of Electrical and Computer Engineering, Texas Tech University, Lubbock, TX 79409, USA;
changzhi li@ttu.edu

Correspondence: zpeng.me@gmail.com

check for
Received: 11 February 2019; Accepted: 1 March 2019; Published: 6 March 2019 updates

Abstract: Short-range localization and life tracking have been hot research topics in the fields
of medical care, consumer electronics, driving assistance, and indoor robots/drones navigation.
Among various sensors, microwave and mm-wave continuous-wave (CW) radar sensors are
gaining more popularity in their intrinsic advantages such as simple architecture, easy system
integration, high accuracy, relatively low cost, and penetration capability. This paper reviews the
recent advances in CW radar systems for short-range localization and life tracking applications,
including system improvement, signal processing, as well as the emerging applications integrated
with machine learning.
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1. Introduction

The first radars were developed as early as the 1930s [1]. Since then, radar systems have been
widely used in military. Radar systems were only used in the military area due to their bulky sizes and
high costs in the early days. Over recent decades, radar systems can be miniaturized and integrated
onto a printed circuit board (PCB) thanks to the advance of high frequency integrated circuits (IC)
and monolithic microwave integrated circuits (MMIC) [2—4]. With the advanced IC and packaging
technologies, it is even possible to integrate a radar system into a single chip with antenna-on-chip
(AoC) or antenna-in-package (AiP) technologies [5]. The operation frequencies of radar systems are
going up to higher frequency bands. K-band (24 GHz) and W-band (77 GHz) have already been adopted
in automotive radar systems [6]. Despite issues such as high path loss, higher operation frequency and
smaller wavelength not only improving the sensitivity and resolution of radar systems, but also making
radar systems further compact, radars’ applications have been extended from military to commercial
areas. Researchers have been working on radar applications in through-wall detecting [7,8], indoor
localization [9], driver assistance [6,10,11], and bio-medical applications [12-15], etc. Owing to the
penetration capability of microwave signal, radar systems can detect human activities and vital signals
behind obstacles, which makes it possible for earthquake rescues [16,17]. With the emerging of drones
and robotic technologies over recent decades, short-range and indoor localization have also been a
hot research topic [18-23]. Compared with camera-based localization technologies, which have some
difficulties in getting accurate depth information of targets, radar systems can easily obtain targets’
ranges, speeds, and angles. Other solutions also have their own limitations compared with radar
systems in short-range and indoor localization. For example, beacon-based solutions and inertial
sensors require the targets to carry the devices all the time. In another relative short-range application,
i.e., driver assistance, radar systems play important roles to prevent fatal crashes as well as minor
accidents. In addition, with the arrival of autonomous vehicles, a radar system is one of the key
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sensors to make the autonomous driving technology possible. Moreover, a radar system is the only
sensor that enable future autonomous vehicles operational at all the different weather conditions.
Bio-medical is another important area for radar systems [12-15]. Radar systems have the capability to
remotely detect and monitor tiny vital signs, such as respiration and heart rate. In contrast, current
vital sign measurement devices and wearable technologies require the subject to have direct contact
with the devices during the measurement, which affect the accuracy of the measurement results,
especially in some applications such as sleep apnea monitoring [24]. With the ability to remotely
detect vital signs and various mechanical movements, radar systems can also be used in various other
emerging applications such as occupant detection [25,26], security monitoring [27,28], and gesture
recognition [29-32].

Based on different types of waveforms, radar systems can be categorized into continuous-wave
(CW) radar [33-37] and impulse radar [38,39]. Impulse radar has been used in various applications,
such as vital signs detection, gesture recognition, and human tracking. Integrated chips of impulse
radar systems are also available. On the other hand, CW radar has a simpler architecture, which
allows easier system integration and lower power consumption. These features make CW radar
attractive for mobile and portable applications. Various commercial CW radar chips and systems
are available, especially for automotive applications. Table 1 lists several major manufacturers of
commercial CW radar chips. Large semiconductor companies, such as Texas Instruments (Dallas,
TX, USA), NXP (Eindhoven, The Netherlands), and Infineon (Neubiberg, Germany) have already
released their solutions at 77 GHz for applications such as adaptive cruise control and autonomous
driving. Table 2 shows several example manufacturers for commercial CW radar systems. Continental
AG, Bosch, and Aptiv are well known tier 1 automotive suppliers, and have mature solutions for
automotive front radar, rear radar and side radar. Recently, various startup companies, such as Arbe
Robotics, Metawave, Caaresys, and Echodyne, are emerging. These companies are trying to apply
innovative ideas to radar systems to enable radar systems in applications of new areas. For example,
Metawave and Echodyne are using meta-materials in antenna arrays. Caaresys is developing radars to
monitor the health conditions of drivers and passengers.

Table 1. Commercial CW radar chips.

Manufacturer Model No. Frequency
Analog Devices ADF4159, ADF5901, and ADF5904 chipset 24 GHz
Texas Instruments AWR1642, AWR1443, etc. 77 GHz
NXP Semiconductors TEF8181EN, TEF8102EN 77 GHz
. BGT24MTR11, BGT24LTR11N16, etc. 24 GHz
Infineon
RTN7735PL 77 GHz

Table 2. Commercial CW radar systems.

Manufacturer Frequency Example Model Application

Continental AG 77 GHz ARS441 Automotive
Bosch 77 GHz LRR4 Automotive
Aptiv 77 GHz ESR Automotive

Arbe Robotics - - Automotive

Metawave 77 GHz - Automotive

Caaresys - - Automotive
Echodyne - ECHOGUARD Industry
Innosent 24 GHz ISYS-4004 Industry
RFBeam 24 GHz K-LCla V5 Industry

This review mainly focuses on recent advancements of CW radar systems in literature. CW radar
systems can have different waveforms with different capabilities. Doppler radar or interferometry
radar utilizes a single tone waveform to obtain motion information caused by the Doppler effect [3,40].
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With relatively simple signal processing, a Doppler radar can provide superior accuracy in motion and
displacement measurement [41-44]. Therefore, a Doppler radar is a very good option for applications
such as vital sign detection [41-43], sleep monitoring, mechanical vibration detection, and structural
health monitoring [45,46], etc., which do not require any range information. Frequency modulated
continuous wave (FMCW) radar uses a modulated CW to sense both the range and Doppler properties
of targets. FMCW radar is a better candidate for applications that require range information, such as
localization, fall detection, life activity monitoring and gesture recognition. With the additional range
information, it also helps to detect vital signs with the presence of multiple targets.

Generally, three main aspects are involved in the design of a radar system: (1) radar transceiver,
(2) antenna or antenna array, and (3) radar signal processing. The radar transceiver includes the
signal synthesizer, power amplifier (PA), low noise amplifier (LNA), mixer, and baseband circuitry, etc.
Researchers and engineers are pushing the technology boundaries of every aspect in radar transceivers
to achieve better performance with smaller size and lower cost. For different applicaitons, various
radar architectures have been proposed and developed [35-37,47]. Antenna or antenna array is another
important component in a radar system. For mobile and portable applications, patch antennas have
been widely used. Antenna array has also been implemented to enable radar systems with 2D or 3D
scanning capabilities. Researchers have been using phased array, digital beamforming and multiple-input
multiple-output (MIMO) techniques to expand the capabilities of radar systems [36,37,48-53]. For radar
signal processing, except for conventional methods, such as range-Doppler imaging [35] for FMCW
radar and arc-tangent demodulation [54] for Doppler radar, researchers have been trying to use
machine learning and an artificial neural network [27] to make radar systems smarter. This paper
reviews the recent technical advance in portable FMCW radar systems for short-range localization and
life tracking applications, including system hardware improvement, antenna array technologies and
digital signal processing. Emerging applications will also be discussed.

This paper is organized as follows: Section 2 introduces the basic theory of FMCW radar and the
conventional digital signal processing method to obtain targets” information. Recent advancements
in different aspects of radar systems will be reviewed in Section 3. Section 4 discusses the emerging
applications. Conclusions are presented in Section 5.

2. Principle of FMCW Radar

This section introduces the basic principle of FMCW radar, antenna beamforming theory and
radar signal processing methods.

2.1. FMCW Radar Transceiver

The principle of FMCW radar is illustrated in Figure 1. FMCW radar transmits a linear modulated
RF signal, which is also referred as the chirp signal, to the target [55]. The reflected signal has a time
delay AT, which is caused by the round-trip travelling distance of the electromagnetic wave between

radar and the target:

2R
AT = T, (1)

where R is the distance between radar and the target, and c is the speed of light.

In the radar transceiver, the received signal sg(t) is multiplied with a replica of the transmitted
signal s7(f) by an RF mixer. The output signal of the mixer is the radar baseband, which is also named
as the beat signal s;(t). The beat signal can be expressed as [35]:

5p(E) = s7(H)sh () = Aexp (j (4”“{“” L AR @)), @)

c c
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where * is the conjugation operator, A is the amplitude of the beat signal, R(7) is the change of
the target range versus time 7, and & is the negligible residual video phase (RVP), which can be
disregarded. t is the “fast-time” and 7 is the so-called “slow-time”:

v = B x CRF, ®)

where B is the bandwidth of the chirp signal, and CRF is the chirp repetition frequency.
After performing Fourier transform of the beat signal, the frequency domain beat signal can be

written as: () = ATexp (jszCCR(T) ) sinc <T ( Fo 29R(7) )> , 4)

c

where T is the length of one chirp.
For Label (4), the peak of S;(f) is located at f, = 2yR(7)/c. Thus, the range of the target can be
obtained as:
fre fre

(0) =% = 2B~ CRE ®)
The other term in Label (4) shows the slow-time phase history ¢(7), which corresponds to the

range evolution R(7) of the target:

_ 4rf.R(T)

¢(7) (6)

As long as the coherence of the radar system is maintained, ¢(7) is only related to R(1).
Thus, the Doppler properties of the targets can be obtained by processing the beat signal along
the slow-time 7.

Tx antenna

R
{ PA ==mmmmm=3 >

Synthesizer Divider

Rx antenna

DSP ADC

W

Filter Mixer LNA

Figure 1. Top-level architecture of an FMCW radar system.
2.2. Antenna Array and Beamforming

For an array of antennas, it is able to form different radiation patterns by controlling the phase
and amplitude of the narrow band signal in each antenna channel. With this beamforming technique,
FMCW radar will have an additional capability to discriminate the relative angles of targets. The phase
and the amplitude of each antenna channel can be controlled either in the RF analog domain or the
digital domain, which is referred to RF beamforming or digital beamforming, respectively [56].

The block diagram of an RF beamforming receiver is shown in Figure 2a. RF beamforming
architecture usually doesn’t require high computational resources for beamforming processing. It also
has relative lower power consumption compared with a digital beamforming architecture. However,
an RF beamforming system suffers from beamforming accuracy due to phase errors from RF phase
shifters. In addition, the current costs of high frequency, especially above K-band, phase shifters
are very high. New RF beamforming techniques are emerging for higher frequencies, such as delay
lines [57,58], LO phase-shifting [59,60] and vector sum [52,61,62]. On the other hand, with the advance
of high-speed ADCs and DACs, as well as digital signal processors, digital beamforming systems have
been widely used in wireless communication systems and high-end automotive radars. The block



Sensors 2019, 19, 1136 50f 19

diagram of a digital beamforming receiver is illustrated in Figure 2b. Digital beamforming architecture
has higher beamforming accuracy and more flexibility. However, due to the massive use of ADCs or
DAC:s, it has a higher power consumption. Researchers have been looking for solutions to reduce the
required number of ADCs and DAC:s for digital beamforming systems. Techniques such as sparse
array [53,63], compressive sensing [36], path sharing [64-67] and MIMO [36,53] have been investigated
to effectively reduce the hardware intensity of digital beamforming systems.

Antenna Y Y Y Y AntennaY Y Y Y

LNA & gain
front end front end front end front end

Phase shifter A A A A

Power combiner
v Digital beamforming
RF down-converter v
& ] | Baseband processing |
Baseband processing Digital domain

(a) (b)
Figure 2. Block diagram of (a) RF beamforming architecture; (b) digital beamforming architecture.

2.3. FMCW Radar Signal Processing

The basic signal processing for an FMCW radar includes two steps: (1) process “fast-time” to
obtain range profile; (2) process “slow-time” to obtain moving properties of targets. Figure 3 shows
the procedure of the two-step radar signal processing [34]. The raw data matrix consists of a series of
time domain beat signals. The range profile can be obtained by applying Fourier transform along the
“fast-time”. With the range profile, a series of range-Doppler frames can be calculated by windowing
the range profile and performing Fourier transform along the “slow-time”. Range-Doppler frames
reveals moving properties, as well as micro-Doppler properties of targets.

Beat 1
Beat 2

Beat 3 P
%

g . y
2 . 2
3 = S .
7 \ KA 5
w \/}' 5
Beat N-1 e . é“
eat N-
Beat N Range profile e
——
Fast-time Rangs
Raw data matrix g = Range-Doppler frames
g <
T S
<8
E :
17 H
Range

Figure 3. Signal processing procedure for an FMCW radar [34].

Advanced algorithms have been developed from the range profile and range-Doppler frames.
For example, digital beamforming and angle-of-arrival (AoA) estimation algorithms can be applied to
the range profile or range-Doppler frames to obtain angle information of targets. In addition, machine
learning and artificial neural network have also been applied to radar signal processing.
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3. Recent Advancements

Researchers have been working on different aspects of FMCW radar to make it ubiquitous for
short-range localization and life tracking in our daily lives. In this section, recent advancements in
radar architectures, RF beamforming techniques, MIMO implementation and life tracking algorithms
for a portable FMCW radar will be reviewed and discussed.

3.1. Hybrid Radar

FMCW radar is one of the most popular CW radars, as it can easily and inexpensively obtain
range information of targets. In addition, with coherent processing, Dopler information of targets can
also be extracted with FMCW radar. However, the hardware and signal processing for an FMCW radar
to obtain the Doppler information are much more complex than those of a Doppler radar. Moreover,
a Doppler radar can easily reach sub-millimeter accuracy in displacement measurement, which,
on the other hand, is quite challenging for an FMCW radar with limited bandwidth and processing
resources [35]. To achieve a comparable accuracy, an FMCW radar requires a large transmit bandwidth
and much more computational resources, which lead to an increase in system complexity and cost.
A hybrid radar combines the advantages of both FMCW radar and Doppler radar. A hybrid radar can
have high accuracy in displacement measurement without using a large bandwidth and complex signal
processing. It can also obtain the absolute range information of targets by using a modulated waveform.
Some modifications for a conventional CW radar hardware is necessary to realize a hybrid waveform.

Hybrid radar architectures have been proposed for 2D short-range localization in the literature [35,47].
The radar in [47] was built with National Instruments (NI) PXIe (Austin, TX, USA) and its transmitted
signal is shown in Figure 4. With the proposed hybrid radar and a turntable, a 2D localization experiment
has been carried out. Figure 5a is the panorama photo of the experiment environment. Figure 5b shows
the 2D localization results obtained by the hybrid radar prototype with the FMCW mode. Figure 5c¢ is the
corresponded room layout in the experiment. The overlapped outline of the room and the detection results
with the Doppler mode is illustrated in Figure 5d. The detection results matches very well with the actual

layout of the room.
Q) 1 } 1
© / | T | N Tl |

f() FMCW Interferometry ENS
period period At .
T; T
Amp

(b)

Figure 4. Transmitter (solid line) and receiver (dashed line) signals of the proposed hybrid system.
(a) frequency domain; (b) time domain [47].

A portable hybrid radar was proposed and built in [35]. This 5.8 GHz hybrid radar was built with
off-the-shelf components. Figure 6a shows the simplified schematic of the built 5.8 GHz portable hybrid
radar prototype. In the FMCW mode, to minimize the size and cost of the system, a simple sawtooth
generator circuit based on operational amplifiers is used to generate ramp voltage. The generated
sawtooth range voltage is used to control a free-running voltage-controlled oscillator (VCO) to generate
chirp signals [35]. The sawtooth generator circuit also simultaneously synthesizes the reference pulse
sequence (RPS), which is synchronized to the sawtooth voltages. For the baseband, the audio card
of a laptop is used to sample the analog baseband signal. On the other hand, in the Doppler mode,
a low-intermediate-frequency (low-IF) modulation scheme was also used up-convert the baseband
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signal to an IF with simple analog switches. This low-IF modulation method makes it possible to
sample the extreme low frequency vital signs with the audio card. A micro-controller is used to switch
this radar prototype between the FMCW mode and the Doppler mode. The photo of the prototype is
shown in Figure 6b.

Human

I Vending machine

(b) (© (d)
Figure 5. Experimental setup and results of the proposed hybrid radar system. (a) panorama photo
of the environment; (b) 2D localization map with the FMCW mode; (c) room layout; (d) motion
information with the Doppler mode [47].

Experiments have been taken with this portable hybrid radar prototype. Figure 7 represents
the 2D localization result of a scene with a car and a human subject. Figure 7a is the photo of the
experiment scene and Figure 7b shows the 2D localization result, which matches well with the layout
of the scene. This radar prototype also shows the vital sign detection capability in [35].

Bias voltage Power TX antenna
divider

9V battery

Mode switch
control

MCU
Low-IF
modulation
sequence

s < Interferometry mode

<~ FMCW mode

(a) (b)

C
ntQ
Low-IF OpAmp
modulation

Figure 6. (a) simplifed schematic of the portable radar system; (b) photo of the radar prototype [35].
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Figure 7. (a) 2D mapping experimental setup; (b) 2D mapping result [35].

3.2. Portable Radar with RF Beamforming

As have been discussed above, an RF beamforming system enables the FMCW radar with the
beam scanning capability. However, a conventional phased array, especially at high frequencies,
is expensive. Novel RF beamforming techniques are emerging for applications with higher frequencies.
Researchers have designed complex delay lines and switch-antenna arrays to realize beam scanning for
FMCW radar systems [57,58,68]. However, these methods usually have a limited number of steering
angles. In addition, with the increased number of steering angles and antenna elements, the signal
routing will be very difficult. The LO phase-shifting technique was introduced in [59], which designed
a complex multi-phase VCO and multiple phase select switches to change different phases for LO.
However, the steering angles and number of antenna elements are limited by the number of phase
states for the multi-phase VCO.

Among these various approaches, the vector modulator technique, which is based on the concept
of vector sum, is one of these optimal solutions for RF beamforming FMCW radar systems at higher
frequencies [52,60,61,69]. The basic concept of a vector modulator is shown in Figure 8. Assume a
single tone input signal x = sin (27tf.t), where f, is the carrier frequency and ¢ is time. In the vector
modulator, the input signal is divided into an in-phase (I) signal and a quadrature (Q) signal by a
quadrature power divider. The amplitudes of I and Q signals are controlled separately by a pair
of variable gain amplifiers (VGA) or attenuators. Then, these two signals are combined together.
The output signal y of the vector modulator can be expressed as:

y = Apsin (27 fct) + Ag cos (27 fct) = Re{ Aelte=i27fct}, (7)
A=A} + A2, ®)
¢ = arctan A )

It can be seen that the output signal of the vector modulator has the phase shift of ¢ and an
amplitude change of A in Label (7). In addition, both ¢ and A can be controlled simultaneously
through A; and Ag. Based on the concept of vector modulator, an integrated phased-array chip
working at 24 GHz has been developed by researchers in [61]. Vector modulators with VGAs have
been used to realize the phase and amplitude control for a 22-24 GHz four-channel phase array in [61].
This CMOS phase array has the capability to achieve 360° continuous phase shift for each channel as
well as 0-20 dB amplitude tuning range.
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Figure 8. Conceptual diagram of a vector modulator [52].

Besides the achievements in integrated circuit design, a PCB realization of a K-band portable
FMCW radar with RF beamforming array is also reported in [52]. Figure 9a,b are the photographs of
the designed RF beamforming radar prototype. Both the transmitter and the receiver are included
in the designed 24 GHz RF beamforming radar prototype. The transmitter uses a free-running VCO,
controlled by a “sawtooth” voltage generator to synthesize the chirp signal, which covers the frequency
band from 23.5-24 GHz. A signal patch antenna is used to transmit chirp signals. The receiver channel
consists of a four-channel array, a six-port circuit and a baseband circuit. The main beam of the receiver
array can be continuously steered with a range of £45° on the H-plane by using a vector controller
for each antenna channel. The vector controllers are realized with simple microwave structures and
PIN diodes on a PCB. The audio card from a laptop is used to sample the beat signal of this FMCW
radar. The measured receiver patterns when the antenna beam is tuned to different angles are plotted
in Figure 10. With this portable RF beamforming FMCW radar, a 2D localization experiment has been
performed. Figure 11a is the photo of the experimental scene. In this experiment, a car, a lamppost,
and a human subject are in the field of view of the radar prototype. The scanning angle of the radar
started from —45° to 45° with a step size of 2.5°. The experiment results are illustrated in Figure 11b,
where signatures of the car, the lamppost and the human subject can be clearly seen.
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Véctor controllers § 083HO
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Calibration port —

(a) (b)
Figure 9. Photographs of the 24 GHz RF beamforming radar prototype. (a) top view; (b) bottom
view [52].
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Figure 10. Measured radiation patterns of the array steering to —45°, —30°, —15°, 0°, 15°, 30°, and 45°
at 23.75 GHz [52].
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Figure 11. (a) experimental environment of short-range localization with the RF beamforming radar

prototypes; (b) measured result of the 2D localization experiment [52].
3.3. Sparse Array and MIMO

It is known that a digital beamforming system has high phase and amplitude accuracy compared
with an RF beamforming system. However, it usually requires high-speed ADCs or DACs for all
the antenna channels. Due to the massive use of high-speed ADCs or DACs, the cost and power
consumption of a digital beamforming system are significantly increased. Researchers have been
working on various approaches to reduce the hardware intensity of digital beamforming systems.
One of these various approaches is using sparse array [53,63], which uses larger than half-wavelength
antenna spacing to form the array. The sparse array increases the effective aperture of the array with
fewer antenna elements. However, an equally-spaced sparse array has the issue of grating lobes, which
introduces ghost targets for radar applications [56]. It is possible to remove the grating lobes of a
sparse array by introducing some randomness in the antenna spacing [36,53]. The MIMO technique,
which uses multiple transmitter channels and multiple receiver channels to synthesize a larger virtual
array to improve the spatial resolution, is another effective approach that can significantly reduce the
number of antenna channels [36,37,53]. In [36], a 77-GHz FMCW MIMO radar is proposed, which
includes a linear non-uniformly spaced array and a SiGe single-chip FMCW radar transceiver. With the
non-uniform MIMO array configuration, this radar is able to perform a 2D localization scan from —90°
to 90° without the issue of grating lobes.

To obtain a 3D localization capability, another 24-GHz FMCW MIMO radar is proposed in [53].
The photographs of this radar prototype are shown in Figure 12. Figure 12a is the photo of the RF
board and Figure 12b is the photo of the baseband board. The photo of the fully assembled 3D MIMO
radar prototype is shown in Figure 12c. An eight-element non-uniformly spaced array is optimized in
this paper to achieve a narrow beam width, as well as removing the grating lobes. This optimized array
configuration is then applied to both the transmitter array and receiver array with an “L” shape layout,
as shown in Figure 12a. For the radar prototype, the RF board uses a K-band phase-locked loop (PLL)
to synthesize the chirp signal for two transmitter channels and one LO channel. Customized K-band
RF switches are used to extend the two-channel transmitters to eight channels. These eight-channel
signals are transmitted by the transmitter array. On the receiver path, two four-channel radar receiver
chips are used to process the received chirp signal. These two receiver chips have eight-channel
baseband outputs in total, which are processed by eight baseband amplifiers. One of the eight channels
is selected by an analog switch and sampled by the ADC on a Wi-Fi board. The sampled baseband
data is transmitted to a computer for post-processing through Wi-Fi.
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Figure 12. (a) RF board of the K-band 3D MIMO radar; (b) baseband board; (c) photo of the fully
assembled 3D MIMO radar prototype [53].

With the engineered MIMO radar prototype, an experiment with three targets with different
ranges, heights and angles has been performed. The photo of the experimental environment is shown
in Figure 13a. In the experiment, the radar prototype was fixed on the back of a car and the car battery
was used to power the prototype. The targets were three corner reflectors, which were placed in front
of the radar prototype with different ranges and heights. For a single scan, 64-channel beat signals were
collected within about 0.64 s. The 3D localization result of the experiment is shown in Figure 13b after
careful calibration. The detected ranges of the three corner reflectors are at 1.6 m, 2.3 m, and 3.14 m,
respectively. The correct heights and azimuth angles are also obtained. For comparison, it needs a
12 x 12 planar array for a phased array to achieve the same performance of the designed MIMO radar.
With a conventional MIMO radar without using a non-uniformly spaced array, it requires at least 12
transmitters and 12 receivers.

MIMO radar 0dB

(b)

Figure 13. (a) photo of the experiment setup; (b) 3D localization mapping of the three targets with the
portable MIMO radar prototype [53].

3.4. Life Tracking with Vital-Doppler

It is quite easy for an FMCW radar to differentiate a moving target from stationary clutters.
However, it is quite challenging to discriminate a stationary living target from other stationary objects.
On the other hand, for living targets, such as human subjects, some special properties can be observed
from the FMCW radar signal. When a human subject is standing or sitting still, his or her vital activities,
such as respiration and heart beat, introduce significant variations in the amplitude of the reflected
radar signal. This kind of effect is also referred to as the “vital-Doppler” effect [35]. Figure 14 shows the
signal processing procedure life tracking with “vital-Doppler” effect. Firstly, multiple measurements
are obtained for processing. Due to the “vital-Doppler” effect, the range profiles of a human target at
different measurements have significant variations; however, the measured results for a stationary
target are very stable. If the standard deviation of the range profiles of these different measurements is
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calculated, a peak will appear at the location of the human subject. Thus, the human subject can be
discriminated from other stationary objects. This method has been applied in the experiment shown in
Figure 11b to discriminate the human target. Figure 15 shows the 2D mapping results of human target
discrimination with vital-Doppler effect. It can be clearly seen that the signatures of the stationary
targets are minimized and the signature of the human subject is discriminated.

° Standard
S Human Object deviation E Human . Object
= location location = location : location
=] 53

< [a]

Range Range

Figure 14. The vital-Doppler effect [35].

14

12

8 N Lamppost

6 Human

1 1 1 1
-10 8 6 4 2 0 2 4 6 8 10
Range (m)

Figure 15. Extract the signature of a stationary living from Figure 11b [52].
4. Emerging Applications

Various applications have been investigated with portable FMCW radar systems. In this section,
several emerging applications will be introduced, including gesture sensing, fall detection, and human
activity Categorizing.

4.1. Gesture Recognition

Cameras and complex image-processing algorithms have been used in advanced human-machine
interface [70]. However, optical camera based solutions and their algorithms have a very high
demanding for computational resources and are sensitive to ambient light. These two issues hinder the
use of camera-based gesture recognition, especially with portable devices with limited computational
capabilities. Doppler radar sensors show promising performance in detecting motion properties
of targets [71]. Simple algorithms, such as time-frequency analysis, can be used in human gesture
recognition. The advantages for a Doppler radar in gesture recognition include high integration,
low demand for computational resources. However, one of the major issues for Doppler radar is
that it is unable to separate motions from multiple moving targets. On the other hand, FMCW radar
provides range information from targets, which help to separate motions from targets in different
ranges. FMCW radar can have almost the same hardware architecture as Doppler radar, and its signal
processing is a little more complex than that of a Doppler radar. However, compared with camera
based solutions, FMCW radar still requires much less computational resources. Figure 16 illustrates a
complex case when two targets are present in the field of view of an FMCW radar at the same time [31].
For the two targets, one human subject is making gestures, and, at the same time, the other person
is walking toward the radar. With a Doppler radar with time-frequency analysis, the signatures of
the two moving activities are overlapped, which makes it extremely difficult to separate. However,
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with an FMCW radar, it is straightforward to separate the two targets based on their different ranges.
Then, the moving properties of the two different targets can be analyzed based on their micro-Doppler
and micro-range signatures. The experiment has been performed with a portable 5.8 GHz Doppler
radar prototype and a 5.8 GHz FMCW radar prototype. The experiment results match well with the
analysis. The Doppler radar failed to separate the two motion signatures, shown in Figure 17, and the
FMCW radar can successfully separate the two targets with different ranges and identify the gesture
of one of the subjects by its micro-Doppler and micro-range features, shown in Figure 18.

Google’s project Soli [32] is one of the famous works for human gesture recognition with FMCW
radar based on micro-Doppler features and machine learning. The Soli sensor was designed and
developed at 60 GHz with AiP technology by Infineon Technologies (Neubiberg, Germany ). The Soli
sensor has been demonstrated to be a promising technology for human—machine interaction interface.

Range-Doppler

Spectrogram evolution Approaching
Approaching human Approaching human S human
signature region'\ signature region '\ Hmﬁdn subject
making gestures

m— - Radar
0 _—

Gesture signature region|

Doppler

Gesture signature region| | _______ /L. N_______.._.

Time Range

Figure 16. Illustration of the case when a human subject is making gestures while another human
subject is approaching the radar [31].
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Figure 17. Spectrogram of two moving targets case shown in Figure 16 [31].
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Figure 18. Range-Doppler frames of gesture recognition with the present to two moving targets at the
same time. (a) Phase 1; (b) Phase 2; (c) Phase 3; (d) Phase 4 [31].

4.2. Fall Detection

With a population aging, it has been a major concern in the society for the health of the seniors.
An accidental fall is one of the most dangerous threats to the health of the seniors. To minimize the
harm of a fall accident, it is essential to immediately alarm the family or care takers to give a necessary
assist. Researchers have been working on different approaches to detect and identify fall accidents from
other daily activities. These approaches include camera-based solutions [72-74], accelerometer-based
solutions [75], and radar-based systems [76-78]. Techniques with accelerometers, as well as other
wearable devices, require subjects to keep wearing sensors. The batteries of these kinds of these
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sensors need to be charged or replaced frequently. For camera-based solutions, complex algorithms,
which require high computational resources, are used to extract motion features of human subject.
However, these algorithms usually do not have sufficient accuracy in relatively complex environments.
Moreover, camera-based solutions require the targets to be fully within the line of sight. Obstacles with
even partial blockage can fail the detection for camera-based solutions. Doppler radar has also been
used for fall detection by detecting micro-Doppler effects of fall accidents. Unlike wearable solutions,
with Doppler radar, the subjects do not need to wear anything, which makes it more user-friendly.
In addition, compared with camera-based solutions, Doppler radar does not have a high demand for
computational resources, and it is able to penetrate obstacles. However, Doppler radar is not capable
of isolating the fall incident with the presence of other moving activities.

Fall detection with FMCW radar has been investigated in [78]. Besides the advantages of
low requirements for computational resources and penetration capability, FMCW radar provides
absolute range information of targets to help differentiate motion signatures from multiple targets.
The Range-Doppler imaging method has been used to process the FMCW radar signal. Fall accidents
can be distinguished from normal activities by using the properties of the adar cross-section (RCS),
range, and Doppler on range-Doppler images during the movement of a subject. Figure 19 shows an
example case when a human subject falls toward the radar. To simplify the analysis, this falling event is
divided into four phases: P1, P2, P3, and P4, based on the motion properties. At P1, the subject starts to
fall with a relatively low speed. Thus, the signature in range-Doppler image has low Doppler frequency.
At P2, due to the acceleration, a sudden Doppler change can be observed for the signature of the
human subject. When the human subject continues to fall, the RCS decreases due to the large tilt angle
of the human subject at P3. Finally, the subject hits the ground, and the signature in range-Doppler
image disappears. Experiment results shown in Figure 20 match well with the analysis of the four
phases. The results of this research may enable FMCW radar based long-term remote fall detection
applications without requiring the seniors to wear any sensing devices at home or nursing facilities.

Range-Doppler Fall direction AP 14
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= 0 Pl Y.
=) P3 /"
Range | P4
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-
2]
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2
o
&
o
a
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Figure 20. Frames of range-Doppler images during the fall incident. (a) P1; (b) P2; (b) P3; (b) P4 [78].
4.3. Human Activity Categorizing

Micro-Doppler features have been used to differentiate targets among humans, animals and
vehicles [79]. Researchers have found that it is possible to use micro-Doppler features to identify if
the human subject is carrying a weapon [80]. According to the latest Federal Bureau of Investigation
(FBI) report, the number of active shooting incidents is rising year by year. During 2014-2015, the total
number of active shooting cases is six times higher than that during 2000-2001. Current technologies
for detecting active shooters, such as acoustic gunshot identification and infrared camera gunfire
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flash detection, can only be triggered after a weapon is fired [81]. Although they can help to reduce
the response time for the first responders, they can not prevent those incidents from happening.
Thus, researchers are exploring radar based approaches to detect shooters armed with concealed
rifle/shotgun and prevent active shooting incidents. Micro-Doppler and range-Doppler signatures
have been used in active shooter detection in [27] with a portable radar system. In this work, the authors
analyze the special gaits and gesture characteristics of a person walking with a concealed rifle. An ANN
is adopted to classify a human subject walking with a concealed weapon, as well as seven other
activities. Figure 21 shows the measured results and analysis of micro-Doppler and micro-range
features among different activities. An average accuracy of 99.21% can be achieved in identifying these
different activities shown in Figure 21.
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Figure 21. Micro-Doppler and range-Doppler properties of a human subject walking or moving at
different conditions. (a) with a concealed rifle; (b) with natural arm swings; (c¢) with a cane for a blind
person; (d) with holding a gym bag; (e) with carrying a laptop; (f) with a walker; (g) moving in a
wheelchair; (h) with a rolling suitcase [27].

5. Conclusions

Owing to the advancement of high frequency IC and MMIC, radar systems can be miniaturized
and integrated onto a small PCB, which make radar technologies available for civil applications,
such as short-range localization and life tracking. A portable FMCW radar has attracted significant
attention from researchers across the world, and important improvements from different aspects
of an FMCW radar system make it possible to use FMCW radar in various applications. Various
hardware architectures have been proposed to expand the capabilities of FMCW radar in short-range
localization and life-tracking applications. Advantage antenna and antenna array technologies have
also been applied to FMCW radar to make it capable of 2D and 3D localization. To discriminate
stationary living targets from other stationary clutters, a vital-Doppler effect with a statistic based
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algorithm is implemented. Various emerging applications with FMCW radar have been investigated,
including gesture recognition, fall detection and active shooter detection with machine learning.
It is expected that more advancements will be in FMCW radar to push the technology into more
practical applications.

Author Contributions: Z.P. conducted the literature review and wrote the manuscript. C.L. reviewed this
manuscript and provided valuable suggestions.

Funding: This research was funded by National Science Foundation (NSF) ECCS-1808613 and CNS-1718483.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Watson-Watt, R. Radar in war and in peace. Nature 1945, 156, 319-324. [CrossRef]

Droitcour, A.D.; Boric-Lubecke, O.; Lubecke, VM.; Lin, J.; Kovacs, G.T. Range correlation and I/Q
performance benefits in single-chip silicon Doppler radars for noncontact cardiopulmonary monitoring.
IEEE Trans. Microw. Theory Tech. 2004, 52, 838-848. [CrossRef]

3. Li, C.; Yu, X,; Lee, CM,; Li, D,; Ran, L.; Lin, ]. High-sensitivity software-configurable 5.8-GHz radar sensor
receiver chip in 0.13-um CMOS for noncontact vital sign detection. IEEE Trans. Microw. Theory Tech. 2010,
58, 1410-1419.

4. Xiao, Y,; Lin, ]J.; Boric-Lubecke, O.; Lubecke, VM. Frequency-tuning technique for remote detection of
heartbeat and respiration using low-power double-sideband transmission in the Ka-band. IEEE Trans.
Microw. Theory Tech. 2006, 54, 2023-2031. [CrossRef]

5. Zhang, Y.P; Liu, D. Antenna-on-chip and antenna-in-package solutions to highly integrated millimeter-wave
devices for wireless communications. IEEE Trans. Antennas Propag. 2009, 57, 2830-2841. [CrossRef]

6. Schneider, M. Automotive radar—Status and trends. In Proceedings of the German Microwave Conference,
Ulm, Germany, 5-7 April 2005; pp. 144-147.

7. Ahmad, F.; Amin, M.G. Noncoherent approach to through-the-wall radar localization. IEEE Trans. Aerosp.
Electron. Syst. 2006, 42, 1405-1419. [CrossRef]

8. Li, J; Zeng, Z; Sun, ].; Liu, F. Through-Wall Detection of Human Being’s Movement by UWB Radar.
IEEE Geosci. Remote Sens. Lett. 2012, 9, 1079-1083. [CrossRef]

9. Vossiek, M.; Wiebking, L.; Gulden, P.; Wieghardyt, J.; Hoffmann, C.; Heide, P. Wireless local positioning.
IEEE Microw. Mag. 2003, 4, 77-86. [CrossRef]

10. Grimes, D.; Jones, T. Automotive radar: A brief review. Proc. [IEEE 1974, 62, 804-822. [CrossRef]

11.  Hasch, J.; Topak, E.; Schnabel, R.; Zwick, T.; Weigel, R.; Waldschmidt, C. Millimeter-wave technology for
automotive radar sensors in the 77 GHz frequency band. IEEE Trans. Microw. Theory Tech. 2012, 60, 845-860.
[CrossRef]

12. Li, C.; Lubecke, V.M.; Boric-Lubecke, O.; Lin, J. A review on recent advances in Doppler radar sensors for
noncontact healthcare monitoring. IEEE Trans. Microw. Theory Tech. 2013, 61, 2046—2060. [CrossRef]

13.  Rotman, R. Recent advances using microwaves for imaging, hyperthermia and interstitial ablation of breast
cancer tumors. In Proceedings of the IEEE International Conference on Microwaves, Communications,
Antennas and Electronic Systems (COMCAS), Tel Aviv, Israel, 7-9 November 2011; pp. 1-4.

14. Schleicher, B.; Nasr, 1.; Trasser, A.; Schumacher, H. IR-UWB radar demonstrator for ultra-fine movement
detection and vital-sign monitoring. IEEE Trans. Microw. Theory Tech. 2013, 61, 2076-2085. [CrossRef]

15.  Gu, C. Short-range noncontact sensors for healthcare and other emerging applications: A review. Sensors
2016, 16, 1169. [CrossRef] [PubMed]

16. Chen, K.M,; Misra, D.; Wang, H.; Chuang, H.R.; Postow, E. An X-Band Microwave Life-Detection System.
IEEE Trans. Biomed. Eng. 1986, BME-33, 697-701. [CrossRef] [PubMed]

17.  Norman, A.; Kun-Mu, C.; Huang, Y.; Zhang, ]. Microwave Life-Detection Systems for Searching Human
Subjects Under Earthquake Rubble or Behind Barrier. IEEE Trans. Biomed. Eng. 2000, 27, 105-114.

18. Yan,].; Peng, Z.; Hong, H.; Chu, H.; Zhu, X.; Li, C. Vital-SAR-Imaging with a Drone-Based Hybrid Radar
System. IEEE Trans. Microw. Theory Tech. 2018, 66, 5852-5862. [CrossRef]


http://dx.doi.org/10.1038/156319a0
http://dx.doi.org/10.1109/TMTT.2004.823552
http://dx.doi.org/10.1109/TMTT.2006.873625
http://dx.doi.org/10.1109/TAP.2009.2029295
http://dx.doi.org/10.1109/TAES.2006.314581
http://dx.doi.org/10.1109/LGRS.2012.2190707
http://dx.doi.org/10.1109/MMW.2003.1266069
http://dx.doi.org/10.1109/PROC.1974.9520
http://dx.doi.org/10.1109/TMTT.2011.2178427
http://dx.doi.org/10.1109/TMTT.2013.2256924
http://dx.doi.org/10.1109/TMTT.2013.2252185
http://dx.doi.org/10.3390/s16081169
http://www.ncbi.nlm.nih.gov/pubmed/27472330
http://dx.doi.org/10.1109/TBME.1986.325760
http://www.ncbi.nlm.nih.gov/pubmed/3733127
http://dx.doi.org/10.1109/TMTT.2018.2874268

Sensors 2019, 19, 1136 17 of 19

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Kwag, YK.; Woo, LS.; Kwak, H.Y,; Jung, Y.H. Multi-mode SDR radar platform for small air-vehicle Drone
detection. In Proceedings of the 2016 CIE International Conference on Radar, RADAR 2016, Guangzhou,
China, 10-13 October 2017; pp. 1-4.

Stasiak, K.; Ciesielski, M.; Kurowska, A.; Przybysz, W. A study on using different kinds of continuous-wave
radars operating in C-band for drone detection. In Proceedings of the MIKON 2018—22nd International
Microwave and Radar Conference, Poznan, Poland, 14-17 May 2018; pp. 521-526.

Liu, Y.; Wan, X.; Tang, H.; Yi, ].; Cheng, Y.; Zhang, X. Digital television based passive bistatic radar system
for drone detection. In Proceedings of the 2017 IEEE Radar Conference, Seattle, WA, USA, 8-12 May 2017;
pp. 1493-1497.

Jian, M.; Lu, Z.; Chen, V.C. Drone detection and tracking based on phase-interferometric Doppler
radar. In Proceedings of the 2018 IEEE Radar Conference, Oklahoma City, OK, USA, 23-27 April 2018;
pp. 1146-1149.

Liu, B.; Jian, M.; Lu, Z.; Chen, R. Indoor monitoring human movements using dual-receiver radar.
In Proceedings of the 2017 IEEE Radar Conference, Seattle, WA, USA, 8-12 May 2017; pp. 520-523.

Yilmaz, T.; Foster, R.; Hao, Y. Detecting Vital Signs with Wearablewireless Sensors. Sensors 2010, 10,
10837-10862. [CrossRef] [PubMed]

Yavari, E.; Song, C.; Lubecke, V.; Boric-Lubecke, O. Is there anybody in there? Intelligent Radar Occupancy
Sensors. IEEE Microw. Mag. 2014, 15, 57-64. [CrossRef]

Yavari, E.; Jou, H.; Lubecke, V.; Boric-Lubecke, O. Doppler radar sensor for occupancy monitoring.
In Proceedings of the 2013 IEEE Topical Conference on Biomedical Wireless Technologies, Networks,
and Sensing Systems—2013 IEEE Radio and Wireless Week, RWW 2013, Santa Clara, CA, USA,
20 January 2013; pp. 139-141.

Li, Y.; Peng, Z; Pal, R.; Li, C. Potential Active Shooter Detection Based on Radar Micro-Doppler and
Range-Doppler Analysis Using Artificial Neural Network. IEEE Sens. J. 2019, 19, 1052-1063. [CrossRef]

Li, Y.; Peng, Z.; Li, C. Potential active shooter detection using a portable radar sensor with micro-Doppler and
range-Doppler analysis. In Proceedings of the 2017 International Applied Computational Electromagnetics
Society Symposium (ACES), Suzhou, China, 1-4 August 2017; pp. 1-2.

Liu, C.; Gu, C,; Li, C. Non-contact hand interaction with smart phones using the wireless power transfer
features. In Proceedings of the IEEE Radio and Wireless Symposium, RWS, San Diego, CA, USA,
25-28 January 2015; pp. 20-22.

Wang, EK,; Tang, M.C.; Chiu, Y.C; Horng, T.S. Gesture Sensing Using Retransmitted Wireless
Communication Signals Based on Doppler Radar Technology. IEEE Trans. Microw. Theory Tech. 2015,
63, 4592-4602. [CrossRef]

Peng, Z.; Li, C.; Muioz-Ferreras, ] M.; Gémez-Garcia, R. An FMCW radar sensor for human gesture
recognition in the presence of multiple targets. In Proceedings of the IEEE MTT-S International Microwave
Bio Conference (IMBIOC), Gothenburg, Sweden, 15-17 May 2017; pp. 1-3.

Lien, J.; Gillian, N.; Karagozler, M.E.; Amihood, P.; Schwesig, C.; Olson, E.; Raja, H.; Poupyrev, I. Soli:
Ubiquitous Gesture Sensing with Millimeter Wave Radar. ACM Trans. Graph. 2016, 35, 1-19. [CrossRef]

Li, C,; Peng, Z.; Huang, T.Y,; Fan, T.; Wang, FK_; Horng, T.S.; Mufoz-Ferreras, ] M.; Gémez-garcia, R.; Ran, L.;
Lin, J. A review on recent progress of portable short-range noncontact microwave radar systems. IEEE Trans.
Microw. Theory Tech. 2017, 65, 1692-1706. [CrossRef]

Peng, Z.; Muioz-Ferreras, ].M.; Gémez-Garcia, R.; Ran, L.; Li, C. 24-GHz biomedical radar on flexible
substrate for ISAR imaging. In Proceedings of the IEEE MTT-S International Wireless Symposium (IWS),
Shanghai, China, 14-16 March 2016; pp. 1-4.

Peng, Z.; Mufioz-Ferreras, ].M.; Tang, Y.; Liu, C.; Gémez-Garcia, R.; Ran, L.; Li, C. A portable FMCW
interferometry radar with programmable low-IF architecture for localization, ISAR imaging, and vital sign
tracking. IEEE Trans. Microw. Theory Tech. 2017, 65, 1334-1344. [CrossRef]

Feger, R.; Wagner, C.; Schuster, S.; Scheiblhofer, S.; Jager, H.; Stelzer, A. A 77-GHz FMCW MIMO radar based
on an SiGe single-chip transceiver. IEEE Trans. Microw. Theory Tech. 2009, 57, 1020-1035. [CrossRef]

Bleh, D.; Rosch, M.; Kuri, M.; Dyck, A.; Tessmann, A.; Leuther, A.; Wagner, S.; Weismann-Thaden, B.;
Stulz, H.P; Zink, M.; et al. W-band time-domain multiplexing FMCW MIMO radar for far-field 3D imaging.
IEEE Trans. Microw. Theory Tech. 2017, 65, 3474-3484. [CrossRef]


http://dx.doi.org/10.3390/s101210837
http://www.ncbi.nlm.nih.gov/pubmed/22163501
http://dx.doi.org/10.1109/MMM.2013.2296210
http://dx.doi.org/10.1109/JSEN.2018.2879223
http://dx.doi.org/10.1109/TMTT.2015.2495298
http://dx.doi.org/10.1145/2897824.2925953
http://dx.doi.org/10.1109/TMTT.2017.2650911
http://dx.doi.org/10.1109/TMTT.2016.2633352
http://dx.doi.org/10.1109/TMTT.2009.2017254
http://dx.doi.org/10.1109/TMTT.2017.2661742

Sensors 2019, 19, 1136 18 of 19

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Maaref, N.; Millot, P.; Pichot, C.; Picon, O. A Study of UWB FM-CW Radar for the Detection of Human
Beings in Motion Inside a Building. IEEE Trans. Geosci. Remote Sens. 2009, 47, 1297-1300. [CrossRef]
Morgan, M.A. Ultra-Wideband Impulse Scattering Measurements. IEEE Trans. Antennas Propag. 1994,
42,840-846. [CrossRef]

Droitcour, A.D.; Boric-Lubecke, O.; Lubecke, VM.; Lin, J. 0.25-m CMOS and BiCMOS single-chip
direct-conversion Doppler radars for remote sensing of vital signs. In Proceedings of the IEEE International
Solid-State Circuits Conference (ISSCC), San Francisco, CA, USA, 7 February 2002; Volume 1, pp. 348-349.
Gu, C; Li, R; Zhang, H.; Fung, A.Y,; Torres, C.; Jiang, S.B.; Li, C. Accurate respiration measurement
using DC-coupled continuous-wave radar sensor for motion-adaptive cancer radiotherapy. IEEE Trans.
Biomed. Eng. 2012, 59, 3117-3123. [PubMed]

Li, C; Ling, J.; Li, J.; Lin, J. Accurate doppler radar noncontact vital sign detection using the RELAX
algorithm. IEEE Trans. Instrum. Meas. 2010, 59, 687-695.

Wang, J.; Wang, X.; Chen, L.; Huangfu, J.; Li, C.; Ran, L. Noncontact distance and amplitude-independent vibration
measurement based on an extended DACM algorithm. IEEE Trans. Instrum. Meas. 2014, 63, 145-153. [CrossRef]
Gu, C,; Peng, Z.; Li, C. High-Precision Motion Detection Using Low-Complexity Doppler Radar with Digital
Post-Distortion Technique. IEEE Trans. Microw. Theory Tech. 2016, 64, 961-971. [CrossRef]
Murioz-Ferreras, ] M.; Peng, Z.; Tang, Y.; Gémez-Garcia, R.; Liang, D.; Li, C. A step forward towards radar
sensor networks for structural health monitoring of wind turbines. In Proceedings of the IEEE Radio and
Wireless Symposium (RWS), Austin, TX, USA, 24-27 January 2016; pp. 23-25.

Muiioz-Ferreras, ] M.; Peng, Z.; Tang, Y.; Gémez-Garcfa, R.; Liang, D.; Li, C. Short-range Doppler-radar
signatures from industrial wind turbines: Theory, simulations, and measurements. IEEE Trans. Instrum. Meas.
2016, 65,2108-2119. [CrossRef]

Wang, G.; Gu, C; Inoue, T.; Li, C. A Hybrid FMCW-Interferometry Radar for Indoor Precise Positioning and
Versatile Life Activity Monitoring. IEEE Trans. Microw. Theory Tech. 2014, 62, 2812-2822. [CrossRef]
Zhuge, X.; Yarovoy, A.G. A sparse aperture MIMO-SAR-based UWB imaging system for concealed weapon
detection. IEEE Trans. Geosci. Remote Sens. 2011, 49, 509-518. [CrossRef]

Ahmed, S.S.; Schiessl, A.; Schmidt, L.P. A novel fully electronic active real-time imager based on a planar
multistatic sparse array. IEEE Trans. Microw. Theory Tech. 2011, 59, 3567-3576. [CrossRef]

Bleh, D.; Rosch, M.; Kuri, M.; Dyck, A.; Tessmann, A.; Leuther, A.; Wagner, S.; Ambacher, O. A 100 GHz
FMCW MIMO radar system for 3D image reconstruction. In Proceedings of the European Radar Conference
(EuRAD), London, UK, 5-7 October 2017; pp. 37—40.

Pei, B.; Li, C.; Zhang, Y.; Pei, T. A compressed sensing based MIMO radar imaging. In Proceedings of
the Asia Modelling Symposium 2013: 7th Asia International Conference on Mathematical Modelling and
Computer Simulation (AMS), Hong Kong, China, 23-25 July 2013; pp. 122-127.

Peng, Z.; Ran, L.; Li, C. A x-band portable FMCW radar with beamforming array for short-range localization
and vital-Doppler targets discrimination. IEEE Trans. Microw. Theory Tech. 2017, 65, 3443-3452. [CrossRef]
Peng, Z.; Li, C. A Portable K-Band 3D MIMO Radar With Nonuniformly Spaced Array for Short-Range
Localization. IEEE Trans. Microw. Theory Tech. 2018, 1-12. [CrossRef]

Park, B.K.; Boric-Lubecke, O.; Lubecke, V.M. Arctangent demodulation with DC offset compensation in
quadrature Doppler radar receiver systems. IEEE Trans. Microw. Theory Tech. 2007, 55, 1073-1078. [CrossRef]
Wang, G.; Mufioz-Ferreras, ].M.; Gu, C.; Li, C.; Gémez-Garcia, R. Application of linear-frequency-modulated
continuous-wave (LFMCW) radars for tracking of vital signs. IEEE Trans. Microw. Theory Tech. 2014,
62,1387-1399. [CrossRef]

Visser, H.]. Array and Phased Array Antenna Basics; John Wiley & Sons: Hoboken, NJ, USA, 2006.

Lee, M.S.; Kim, Y.H. Design and performance of a 24-GHz switch-antenna array FMCW radar system for
automotive applications. IEEE Trans. Veh. Technol. 2010, 59, 2290-2297.

Lee, W.; Kim, J.; Yoon, Y.J. Compact two-layer rotman lens-fed microstrip antenna array at 24 GHz.
IEEE Trans. Antennas Propag. 2011, 59, 460—466. [CrossRef]

Hashemi, H.; Guan, X.; Komijani, A.; Hajimiri, A. A 24-GHz SiGe phased-array receiver—LO phase-shifting
approach. IEEE Trans. Microw. Theory Tech. 2005, 53, 614-625. [CrossRef]

Guan, X.; Hashemi, H.; Hajimiri, A. A fully integratted 24-GHz eight-element phased-array receiver in
silicon. IEEE ]. Solid-State Circ. 2004, 39, 2311-2320. [CrossRef]


http://dx.doi.org/10.1109/TGRS.2008.2010709
http://dx.doi.org/10.1109/8.301704
http://www.ncbi.nlm.nih.gov/pubmed/22759434
http://dx.doi.org/10.1109/TIM.2013.2277530
http://dx.doi.org/10.1109/TMTT.2016.2519881
http://dx.doi.org/10.1109/TIM.2016.2573058
http://dx.doi.org/10.1109/TMTT.2014.2358572
http://dx.doi.org/10.1109/TGRS.2010.2053038
http://dx.doi.org/10.1109/TMTT.2011.2172812
http://dx.doi.org/10.1109/TMTT.2017.2662680
http://dx.doi.org/10.1109/TMTT.2018.2869565
http://dx.doi.org/10.1109/TMTT.2007.895653
http://dx.doi.org/10.1109/TMTT.2014.2320464
http://dx.doi.org/10.1109/TAP.2010.2096380
http://dx.doi.org/10.1109/TMTT.2004.841218
http://dx.doi.org/10.1109/JSSC.2004.836339

Sensors 2019, 19, 1136 19 of 19

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Yu, T.; Rebeiz, G.M. A 22-24 GHz 4-element CMOS phased array with on-chip coupling characterization.
IEEE ]. Solid-State Circ. 2008, 43, 2134-2143. [CrossRef]

Wang, CW.,; Wu, H.S,; Tzuang, C.K.C. CMOS Passive Phase Shifter With Group-Delay Deviation of 6.3 ps at
K-Band. IEEE Trans. Microw. Theory Tech. 2011, 59, 1778-1786. [CrossRef]

Fuchs, B.; Skrivervik, A.; Mosig, ].R. Sparse array synthesis via sequential convex optimizations: Convened
session—"Non-uniform array antennas”. In Proceedings of the 6th European Conference on Antennas and
Propagation, EuCAP 2012, Prague, Czech Republic, 26-30 March 2012; pp. 2216-2219.

Alwan, E.A.; Venkatakrishnan, S.B.; Akhiyat, A.A.; Khalil, W.; Volakis, J.L. Code Optimization for a
Code-Modulated RF Front End. IEEE Access 2015, 3, 260-273. [CrossRef]

Fredrick, ].D.; Wang, Y.; Itoh, T. Smart antennas based on Spatial Multiplexing of Local Elements (SMILE)
for mutual coupling reduction. IEEE Trans. Antennas Propag. 2004, 52, 106-114. [CrossRef]

Alwan, E.A.; Balasubramanian, S.; Atallah, ].G.; LaRue, M.; Sertel, K.; Khalil, W.; Volakis, ].L. Coding-based
ultra-wideband digital beamformer with significant hardware reduction. Analog Integr. Circ. Signal Process.
2014, 78, 691-703. [CrossRef]

Peng, Z.; Kim, K.J.; Wang, P.; Ma, R.; Kihira, K.; Fukasawa, T.; Li, C.; Wang, B. Code-Division Multiplexing
based Hardware Reduction for a Digital Beamforming Transmitter Array. In Proceedings of the 12th
European Conference on Antennas and Propagation (EuCAP), London, UK, 9-13 April 2018.

Morinaga, M.; Nagasaku, T.; Shinoda, H.; Kondoh, H. 24 GHz intruder detection radar with beam-switched
area coverage. In Proceedings of the IEEE MTT-S International Microwave Symposium (IMS), Honolulu,
HI, USA, 3-8 June 2007; pp. 389-392.

Peng, Z.; Chen, J.; Dong, Y.; Zhang, B.; Qiao, S.; Ye, D.; Huangfu, J.; Sun, Y,; Li, C;; Ran, L; et al. Radio Frequency
Beamforming Based on a Complex Domain Frontend. IEEE Trans. Microw. Theory Tech. 2016, 64, 289-298.
[CrossRef]

Pavlovic, V.I; Sharma, R.; Huang, T.S. Visual interpretation of hand gestures for human-computer interaction:
A review. IEEE Trans. Pattern Anal. Mach. Intell. 1997, 19, 677-695. [CrossRef]

Fan, T.; Ma, C.; Gu, Z; Lv, Q.; Chen, J.; Ye, D.; Huangfu, J.; Sun, Y. Wireless Hand Gesture Recognition Based on
Continuous-Wave Doppler Radar Sensors. IEEE Trans. Microw. Theory Tech. 2016, 64, 4012-4020. [CrossRef]
Yu, M.; Naqvi, S.; Rhuma, A.; Chambers, ]. One class boundary method classifiers for application in a
video-based fall detection system. IET Comput. Vis. 2012, 6, 90. [CrossRef]

Bian, Z.P; Hou, J.; Chau, L.P.; Magnenat-Thalmann, N. Fall detection based on body part tracking using a
depth camera. IEEE |. Biomed. Health Inform. 2015, 19, 430—-439. [CrossRef] [PubMed]

Vaidehi, V.; Ganapathy, K.; Mohan, K.; Aldrin, A.; Nirmal, K. Video based automatic fall detection in
indoor environment. In Proceedings of the 2011 International Conference on Recent Trends in Information
Technology (ICRTIT), Tamil Nadu, India, 3-5 June 2011; pp. 1016-1020.

Cheng, J.; Chen, X,; Shen, M. A framework for daily activity monitoring and fall detection based on surface
electromyography and accelerometer signals. IEEE |. Biomed. Health Inform. 2013, 17, 38-45. [CrossRef] [PubMed]
Garripoli, C.; Mercuri, M.; Karsmakers, P; Jack Soh, P.; Crupi, G.; Vandenbosch, G.A.E.; Pace, C.; Leroux, P;
Schreurs, D. Embedded DSP-based telehealth radar system for remote indoor fall detection. IEEE ]. Biomed.
Health Informat. 2015, 19, 92-101. [CrossRef] [PubMed]

Wu, Q.; Tao, W,; Zhang, Y.D.; Amin, M.G. Radar-based fall detection based on Doppler time-frequency
signatures for assisted living. IET Radar Sonar Navig. 2015, 9, 164-172. [CrossRef]

Peng, Z.; Munoz-Ferreras, ].M.; Gémez-Garcia, R.; Li, C. FMCW radar fall detection based on ISAR processing
utilizing the properties of RCS, range, and Doppler. In Proceedings of the IEEE MTT-S International
Microwave Symposium (IMS), San Francisco, CA, USA, 22-27 May 2016; pp. 5-7.

Tahmoush, D.; Silvious, J.; Clark, J. An UGS Radar with Micro-Doppler Capabilties for Wide Area Persistent
Surveillance. Proc. SPIE 2010, 7669. [CrossRef]

Tahmoush, D.; Silvious, ]. Radar polarimetry for security applications. In Proceedings of the 7th European
Radar Conference, Paris, France, 30 September—1 October 2010; pp. 471-474.

Smith, T. Weapon Location by Acoustic-Optic Sensor Fusion. U.S. Patent 6,621,764B1, 20 February 2001.

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1109/JSSC.2008.2001905
http://dx.doi.org/10.1109/TMTT.2011.2146267
http://dx.doi.org/10.1109/ACCESS.2015.2419195
http://dx.doi.org/10.1109/TAP.2003.818798
http://dx.doi.org/10.1007/s10470-013-0102-2
http://dx.doi.org/10.1109/TMTT.2015.2504446
http://dx.doi.org/10.1109/34.598226
http://dx.doi.org/10.1109/TMTT.2016.2610427
http://dx.doi.org/10.1049/iet-cvi.2011.0046
http://dx.doi.org/10.1109/JBHI.2014.2319372
http://www.ncbi.nlm.nih.gov/pubmed/24771601
http://dx.doi.org/10.1109/TITB.2012.2226905
http://www.ncbi.nlm.nih.gov/pubmed/24234563
http://dx.doi.org/10.1109/JBHI.2014.2361252
http://www.ncbi.nlm.nih.gov/pubmed/25291803
http://dx.doi.org/10.1049/iet-rsn.2014.0250
http://dx.doi.org/10.1117/12.848233
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Principle of FMCW Radar
	FMCW Radar Transceiver
	Antenna Array and Beamforming
	FMCW Radar Signal Processing

	Recent Advancements
	Hybrid Radar
	Portable Radar with RF Beamforming
	Sparse Array and MIMO
	Life Tracking with Vital-Doppler

	Emerging Applications
	Gesture Recognition
	Fall Detection
	Human Activity Categorizing

	Conclusions
	References

