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ABSTRACT Radar sensors have been widely used to estimate speed and displacement of remote targets. A
novel market for contactless radar sensing is emerging in the field of automatization and process analysis,
where non destructive testing and evaluation methods are desired. Here, modern radar systems offer vari-
ous advantages over conventional sensors since they enable the contactless, continuous, and cost-efficient
measurement of static or dynamic ranges. These can further be used for vibration and vital sign characteri-
zation. Advances in microwave technology, an increasing integration density, and the development of novel
algorithms keep boosting the performance of the systems. After introducing the most common operation
principles, such as unmodulated and frequency-modulated continuous-wave radar, different design aspects
and building blocks of cutting-edge systems are explained in detail. In the second part, selected applications
are described in detail. These include the sheet thickness monitoring of metallic foils, and the measurement of
the ground speed of vehicles with the latest approaches. Exemplary low-power radar systems are presented
to show the limits in terms of power consumption while still offering a high measurement precision. In
addition, the topics of mechanical vibration sensing and vital sign sensing are addressed by introducing
tailored systems.

INDEX TERMS Radar theory, radar remote sensing, Doppler radar, radar applications.

I. INTRODUCTION
During the past decades, radio detection and ranging (radar)
has been a quickly growing field of research within the
microwave engineering community. An impressive indicator
supporting this statement is the number of new scientific
publications listed in the electronic database IEEE Xplore
under the keyword radar as shown in Fig. 1. The count
of new contributions per year has shown an almost expo-
nential growth and exceeded 10,000 new publications in the
year 2019.

This technological success story results from the physical
properties of microwaves, which can propagate the free space
and non-metallic materials. By controlling different properties

of a transmitted electromagnetic wave, the reflection caused
by a target can be received and evaluated. Depending on
the modulation scheme, parameters like target position or
speed can be measured. Moreover, valuable information on
dielectric and conductive properties of the target is contained
in the reflected signal and can hence be evaluated. Due to
the non-ionizing character of microwaves, they do not cause
any harm to humans if low transmit powers are used as it is
demanded by the regulations of the responsible authorities.
The remote sensing of the physical properties of an object
is a highly desired ability in multiple fields of application.
Starting with the detection of ships in the fog around the
year 1900 as first commercial application, the concept was

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

202 VOLUME 1, NO. 1, JANUARY 2021

https://orcid.org/0000-0003-1689-0960
https://orcid.org/0000-0003-3281-6322
https://orcid.org/0000-0002-2263-3875
https://orcid.org/0000-0002-3131-1800
https://orcid.org/0000-0002-9071-5661


FIGURE 1. New IEEE Xplore search results per year for the search term
“radar”.

extended to the monitoring of airplanes and later used for
radio astronomy [1].

Today, radar-based remote sensing systems are used in
many fields of application: A big sector are industrial ap-
plications, where the positions and quantities of tools and
goods need to be tracked continuously to increase efficiency.
Examples are the measurement of levels of fluids and solids
in storage tanks [2]–[4], where a radar sensor is preferred over
conventional systems to avoid direct contact to the sample.
Especially if oil or gas at a high pressure is used, for example
to displace pistons or hydraulic cylinders, radar systems are
an attractive alternative [5]–[7].

An early fault detection can help to decrease the reject rate,
for instance by monitoring the thickness of foils and sheets
during fabrication [8] or the vibrations of machines [9], [10].
In an industrial measurement setting, dust and mist can be
contained in the air between sensor and target, or temperatures
of the target might be extreme. While most conventional con-
tactless sensors work in the optical domain and hence suffer
from diffraction and absorption in these harsh environments,
microwaves can penetrate dielectric media in many cases.

This advantage over optical sensors is a key feature of
automotive radars, which are used to produce images of the
cars’ surroundings - even at night and during strong rain.
Automotive sensors and radar imaging are addressed by the
article by Christian Waldschmidt et al. in this issue. One of the
most recent use cases of radar systems is the detection of vital
parameters. Based on a continuous distance measurement be-
tween system and patient, vital parameters such as respiration
or heart rate can be detected. This topic is covered in detail in
this issue by the article by Changzhi Li et al.

In addition to the growing list of applications, the increas-
ing research activities on radar technology find their reason
in the growing complexity of the systems. While the first
prototypes only provided a presence detection, modern sys-
tems offer a precision in the micrometer range, even at a
very compact size and a low power consumption. The design
process of these highly developed systems covers a broad
range of topics from tailored integrated circuits and radio

front-ends to the development of dedicated algorithms for
signal processing. Thus, a joint work of multiple disciplines,
from semiconductor research to packaging and system-level
engineering to machine learning is required.

This article reviews the most common operational princi-
ples and system concepts of modern radars and provides an
insight into the critical aspects of the system design. In the
second part, application examples are presented and described
in detail. This focuses on the industrial domain with sheet
thickness and vehicle speed measurements. Moreover, exam-
ples on both low-power and high-precision systems are given
and vibration analysis is discussed through the examples of
mechanical vibration analysis and vital sign sensing.

II. RADAR FUNDAMENTALS
When designing a radar system for a specific application, the
first step is always the careful choice of system architecture
and modulation technique. As shown in Table 1, different
modulation schemes have an impact on features and require-
ments of the sensing system. In the following sections, the
most common modulation techniques of radars will be pre-
sented.

A. UNMODULATED CONTINUOUS-WAVE RADAR (CW)
The simplest transmit waveform for a radar system is an
unmodulated sinusoidal signal of constant frequency, called
continuous-wave (CW) radar. The introduced time delay from
system to target and back causes a phase shift �ϕ between
sent and received waveforms, which can be translated into a
displacement �R using the known signal wavelength λ:

�R = �ϕ

2π

λ

2
(1)

Due to the periodicity of the sinusoidal signal, the ambiguous
range is λ/2, which is fairly small for micro- and millimeter-
waves. Hence absolute positions cannot be determined, but a
relative displacement starting from a reference position can
be analyzed. If the measured phase is sampled fast enough,
a phase unwrapping can be done and relative displacements
which exceed the unambiguous range can be recorded. The
unambiguous range can also be extended, if the distance-
dependent power of the backscattered signal is taken into
account (see section III-III-A). The clear advantage of using
an unmodulated carrier is the theoretically infinitely narrow
(RF) bandwidth of the carrier, which can thus be generated
with a very low phase noise. Together with a narrowband
baseband signal processing chain, a low standard deviation of
the displacement measurement in the single-digit micrometer
range and below can be achieved. Another advantage of this
technique are the low costs of the components and the high
power efficiency.

B. MULTI-TONE RADAR
To increase the unambiguous range of the CW radar, sev-
eral discrete transmit frequencies can be used alternating in
time [11]–[13]. If, for instance, two frequencies f1 and f2 are
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TABLE 1. Comparison of Different Modulation Schemes Regarding Their Properties and Advantages

FIGURE 2. Extended unambiguous range by using a dual-tone transmit
signal.

used, the unambiguous range can be extended to

Rmax = c

2( f2 − f1)
(2)

as shown in Fig. 2. Here, c denotes the propagation speed
of the electromagnetic wave in the medium, for example
3 × 108ms−1 in vacuum. The use of the second tone hence
leads to an improvement of a factor of f1/( f2 − f1) in contrast
to the single-frequency case ( f1). It is evident that a closer
spacing of both frequencies increases the unambiguous range,
but the system becomes more sensitive to noise and has to pro-
vide an even higher signal-to-noise ratio (SNR). If the number
of used frequencies is increased, degrees of freedom can be
used to compensate for system nonlinearities. Occupying only
a low bandwidth but still offering a large unambiguous range,
this modulation technique is a compromise between CW and
(FMCW) radar.

C. FREQUENCY-MODULATED CONTINUOUS-WAVE RADAR
(FMCW)
Especially in industrial and automotive applications, FMCW
radar is a commonly used modulation scheme. It can be seen
as an extension of the multi-tone modulation with a continu-
ous change in frequency, which is called chirp. An exemplary
signal with a linear chirp of duration Tc is shown in Fig. 3. For
a static target, the receive (Rx) signal equals the transmit (Tx)
signal but with a time delay of �t . The receiver determines
the frequency difference fB of both signals, for example using
a mixer in the analog domain, and a fast Fourier transform
(FFT) after digitization. The absolute range of the target R
can then be calculated by

R = c
�t

2
= c fBTc

2B
, (3)

FIGURE 3. Linear frequency chirp as exemplary frequency-modulated
continuous-wave (FMCW) transmit waveform and corresponding receive
signal for a static target.

where B = f2 − f1 denotes the used bandwidth. The resolu-
tion of the distance measurement is given by c/(2B), i.e. a
larger bandwidth leads to smaller range bins. While modern
monolithic microwave integrated circuit (MMIC) technology
can achieve transmit bandwidths of up to 60 GHz [14], [15]
and hence reach a resolution in the single-digit millimeter
range, the use of these systems in unshielded environments is
strongly limited by legal regulations. By using fast chirps, the
phase information of subsequent received ramps can be pro-
cesses to obtain the Doppler information of moving targets.
Using this so-called micro-Doppler, an accuracy of few mi-
crometers is achievable [16], [17]. A big advantage of FMCW
over unmodulated carriers is the ability to separate multiple
targets at different ranges, which is an inherent feature of the
spectral analysis of the intermediate frequency (IF) signal.

D. ULTRA-WIDEBAND RADAR (UWB)
In contrast to the mentioned CW radar architectures, ultra-
wideband (UWB) radars use short pulses as transmit sig-
nals. After calibration of cables and antenna, the time de-
lay between sent and received equals the time-of-flight and
hence the distance, a Doppler processing reveals the target
speed. Due to the short temporal duration of the pulses in
the picosecond range, the occupied spectrum is large, leading
to a low power density as required by the regulations [18].
Special waveforms with optimized correlation functions, such
as pseudo-random noise or maximum-length sequences are
often used to increase SNR and range [19]. The clear ad-
vantage of the large radio frequency (RF) bandwidth is an
improved robustness, especially in multipath scenarios and
frequency-selective channels, like through-the wall imaging
and localization of humans buried under debris [20].
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III. SYSTEM DESIGN
Having understood the most common modulation schemes
for continuous-wave radars, the major system design aspects,
including the choice of operation frequency and the entire
signal chain, will be described in this section.

A. CHOICE OF OPERATION FREQUENCY
When designing a radar system, one of the first decisions
to be made is the operation frequency. Although there are
exceptions, most of the commercially available radars are
operated in the microwave spectrum, which is a common
name for the spectral range from 300 MHz to 300 GHz.
The sub-band starting from 30 GHz (wavelength 10 mm) is
also called millimeter wave band [21]. If for instance a phase
resolution of 1◦ is assumed for the receiver, displacements of
1.4 mm down to 1.4 μm can be detected and thus justify the
names given to the frequency bands. In various publications it
has been shown that distance measurements on a micrometer
scale are achievable with microwave radars [22]. It is clear
that increasing the operation frequency improves the distance
resolution. However, further side-effects, such as a decreased
detection range, need to be taken into account as well.

To calculate the received power Prx of a radar system, which
transmits a power Ptx and illuminates a target of cross-section
σ at distance R, the well-known radar equation can be used. It
is given by

Prx = PtxDtx

4πR2
σ

1

4πR2

λ2Drx

4π
, (4)

assuming lossless antennas with directivities of Dtx and Drx,
respectively [23]. It is obvious, that a high operation frequency
leads to short wavelengths λ and hence decreases Prx, which
lowers the SNR at the receiver at a given noise floor. The
directivity D of antennas, however, scales with

D = 4πAe

λ2
, (5)

where Ae stands for the effective aperture [23]. Thus, a high
operation frequency requires smaller antennas to achieve a
desired directivity, which is also linked to the area illuminated
by the system. The frequency-dependence also applies to any
narrowband structures, such as couplers, filters, or matching
networks and hence affects the integration density of sys-
tems. In addition, the size of RF circuits is related to the use
of propagating structures whose dimensions are wavelength-
dependent. Another point to consider are dielectric losses of
the used materials and frequency-dependent absorption losses
of the propagation medium, which cause an additional signal
attenuation. The choice of operation frequency is always a
trade-off between the aforementioned parameters and highly
depends on the specific application.

A further point worth mentioning are the legal constraints.
Since spectrum is a limited and shared resource, all users must
confer to common regulations. The International Telecom-
munication Union (ITU) defines the so-called Radio Regu-
lations, which assign the spectrum to different services. For

TABLE 2. Microwave and Millimeter-Wave ISM Bands as Defined by the
ITU [24]

general purpose microwave-systems, the industrial, scientific
and medical (ISM) bands in the microwave and millimeter-
wave ranges, which are listed in Table 2 allow a license-free
operation. However, the radiated power should be “minimal”
and not interfere with other services, like navigation [24].
Individual regulations on the national level refine these limits,
especially regarding transmit power.

B. SIGNAL GENERATION
To generate the transmit signal of microwave- and millimeter-
wave radars, voltage controlled oscillators (VCOs) are the
most common building blocks. They convert an applied DC
power into a sinusoidal output signal with a defined fre-
quency, which can be tuned by additional control voltages.
If even higher operation frequencies are desired, an optional
frequency multiplier can be added. Since VCOs are semi-
conductor devices, their resonance frequency is temperature-
dependent. Moreover, process parameters and package also
affect the output. For the most basic CW radars, the voltage
controlled oscillator (VCO) can be used in a free-running
mode, leading to low system complexity costs and power con-
sumption [25]. However, this also means a varying transmit
frequency, thus a poor phase noise and a large standard devia-
tion of the range measurement. For unmodulated CW radars,
this effect was described analytically by [26], [27]. Moreover,
it was shown that a close target leads to a strong correlation
of sent and received phase noise due to the short propagation
time, causing a smaller root mean square (RMS) distance
error. The effects of target range and baseband bandwidth on
measurement precision are shown in Fig. 4 for the case of a
free-running and a phase-locked loop (PLL)-controlled VCO
at 24 GHz.

C. RECEIVER ARCHITECTURES FOR CW RADARS
The task of the receiver is the downconversion of the incoming
RF signal to the equivalent baseband voltages, which do not
contain the carrier anymore. This is done by a mixing pro-
cess in the analog domain, where a fraction of the Tx signal,
called local oscillator (LO), and the Rx signal are multiplied
through a nonlinear device. The product of two sinusoidal
signals in time domain is the equivalent of a convolution in
frequency domain, resulting in the sum and difference fre-
quencies of both input signals. A low-pass filter (here denoted
as LP{·}) then rejects the upconverted frequency components.
The downconversion of the unmodulated CW radar signal can
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FIGURE 4. Standard deviation of a 24 GHz CW radar system in
dependence of bandwidth and target range. The phase noise improvement
by the PLL-controlled VCO clearly enhances the measurement precision
compared to the free-running VCO [27].

be interpreted in two different ways, which are both mathe-
matically equal:

First, if a moving target is considered, a Doppler shift of
fD will occur. The mixer then determines the frequency dif-
ference of sent and received signal, and the Doppler equation
translates this into a speed, which can be integrated to obtain
the target displacement.

LP{sin(2π ftxt )︸ ︷︷ ︸
LO signal

sin(2π ( ftx ± fD)t )︸ ︷︷ ︸
Rx signal

} = 1

2
cos(±2π fDt ) (6)

Because of the actual estimation of Doppler frequency, this is
oftentimes called Doppler Radar in literature.

The second point of view first assumes a static target, result-
ing in equal Tx and Rx frequency. If the target starts to move
linearly, the phase of the received signal changes linearly as
well:

LP{sin(2π ftxt )︸ ︷︷ ︸
LO signal

sin(2π ftx ± ϕ)︸ ︷︷ ︸
Rx signal

} = 1

2
cos(±ϕ) (7)

The phase result can then be translated to a displacement
using (1). Because the phase difference of two RF signals is
evaluated, this is often called an Interferometer in literature.

No matter which perspective is chosen, the information is
always contained in a cosine function. However, due to its
symmetry, its argument’s sign and hence the direction of target
movement cannot be determined. This might be tolerable for
a simple presence or movement detection [28], but usually the
direction matters. The solution to this problem is the quadra-
ture downconversion, which uses a second multiplication with
the LO phase delayed by −90◦. As shown in Fig. 5, two
baseband signals, the so-called inphase (I) and quadrature
(Q) signals, are obtained and the receiver is hence commonly
called an IQ Demodulator. The mixing process can be done
for all above mentioned modulation schemes.

1) QUADRATURE MIXING
For the downconversion different architectures are possible.
The quadrature mixer (Fig. 5) is an active nonlinear device
with two input ports and an output port. In microwave and

FIGURE 5. Block diagram of a quadrature-mixer based downconversion
for continuous-wave radars.

millimeter wave radars, the multiplication of LO and Rx sig-
nal is oftentimes done by a Gilbert cell and the delayed version
of the LO signal is generated by a polyphase filter [29], [30].
Quadrature mixers can achieve large bandwidths and a high
integration density [31]. This has made them cheap mass
products. Their major disadvantage is the high LO power re-
quired to establish the operation point (typically 10-13 dBm),
which makes them unsuitable for ultra-low power applica-
tions.

2) SIX-PORT RECEIVER
An alternative architecture for the quadrature receiver is the
so-called six-port network. First published by Engen et al.
under this name in the 1970s, this passive network was pri-
marily used as low-cost alternative to network analyzers for
microwave component and circuit analysis [32]. An important
milestone in the history of the six-port was the development
of a digital receiver for microwave and millimeter-wave com-
munications at the Poly-Grames Research Centre of the École
Polytechnique de Montréal, Canada [33], [34], followed by
the development of six-port based modulators, making it a
suitable communication front-end for high bandwidths and
data rates [35]–[37]. This success story was also picked up by
radar engineers, using the six-port for distance measurements
[38].

The operation principle is as follows: The six-port network
superimposes the two input signals Rx and LO by introducing
phase shifts of multiples of 90◦ as shown in Fig. 6. Thus, four
output signals are created, which are fed to power detectors,
each consisting of a self-biased Schottky diode and a low-pass
filter in the simplest case. Their output signals correspond to
differential I and Q signals. The LO power may be as low as
the Rx signal and the receiver does not require any bias, which
makes it perfectly suitable for low-power and low-complexity
applications [25].

The passive network can be fabricated in a very cost-
efficient way on printed circuit board (PCB), for instance
as substrate integrated waveguides [39], microstrip lines, or
in coplanar technology [40]. Moreover, it can be scaled and
adapted to almost any frequency of interest. Especially high
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FIGURE 6. Block diagram of the six-port with detectors (left) and
photograph of a microstrip layout (right) of the passive six-port network.

FIGURE 7. Relative quantity of used antenna technologies for compact
radar systems.

frequencies are attractive due to short wavelengths and the
resulting small structure sizes. Starting in 1992 with the first
monolithic implementation of the six-port [41], hybrid [42]
and fully integrated devices have been presented for both
communications and radar purposes, and frequencies up to
120 GHz could be achieved [43].

D. ANTENNA AND TRANSITION DESIGN
The antenna design itself depends on the specific radar appli-
cation scenario. This means that the following considerations
do not only include industrial but also vital sign and auto-
motive radar scenarios where antennas have to be integrated
into compact systems. If unmodulated CW or ISM-compatible
FMCW systems are considered, a narrow-band antenna is
oftentimes sufficient.

As already mentioned above the chosen operation fre-
quency of the system is mainly determined by the given appli-
cation. Of course this choice directly influences the antenna
design since a higher frequency leads to a smaller wavelength
and consequently to smaller antenna sizes [23]. An overview
of the relative quantity of different antenna technologies in
compact radar systems depending on the operation frequency
is given in Fig. 7. The quantities rely on a qualitative literature
research in IEEE Xplore, which was conducted by the authors.
The technologies are clustered to on-PCB [28], [44], 3D-
printed and horn antennas [45], [46] as well as on-LTCC, on-
chip and in-package antennas [47], [48], respectively. Since

wavelength is comparably long at lower frequencies, mostly
patch antennas on-PCB are used in this domain. However, at
higher frequencies substrate losses increase, reducing the effi-
ciency. Furthermore, substrate tolerances regarding height and
permittivity have stronger effects on the antennas’ behavior.
Nevertheless, planar on-PCB antennas are commonly used in
the automotive band around 77 GHz due to their compact size
and cost effectiveness. Examples are published up to more
than 120 GHz [49]. By taking a look at the class of 3D-printed
and horn antennas, it is clear that at lower frequencies these
antennas have to be very large and are thus very costly. In
contrast to this, 3D-printing tolerances and roughness limit
the upper frequency bound, which will be certainly extended
during the ongoing development of 3D-printing. Conventional
horn antennas are available up to very high frequencies but
become expensive at the same time and require a low-loss,
wideband transition to the PCB [50]. The third antenna tech-
nology worth mentioning is formed by on-LTCC, on-chip and
in-package antenna types. The first is often used in automotive
radars in 77 GHz range to further save space [51]. At even
higher frequencies the main approach is to integrate antennas
directly on chip or in package, which is possible due to the
short wavelength and consequently small resonant structures.
This way, there is no need to set high requirements on the
interconnects to the PCB and its substrate since the complete
RF part is contained within the RF package.

As already mentioned, the antenna has to be selected ac-
cording to the specific application which means that in a sce-
nario where multiple targets arise but no separation is possible
since an unmodulated CW signal is used, it is necessary to
focus the beam as much as possible and suppress side lobes
in the antenna pattern. This, however, can only be done by a
larger aperture, which increases the size of the overall system.
At higher frequencies the antenna gain is usually improved by
dielectric lenses that are placed on top of the integrated cir-
cuits (ICs) with integrated antennas [52], [53]. Consequently,
this is always a trade-off between size and gain of the antenna,
and a consideration of the measurement scenario.

E. ANALOG SIGNAL CONDITIONING
After downconversion of the RF signals the baseband should
be processed in analog first to reduce the demands on
analogto- digital converters (ADCs) and digital processing
units. Thus this analog signal conditioning is essential to
increase SNR and consequently improve the overall perfor-
mance of low-cost and compact systems.

In Fig. 8 a general block diagram of a baseband circuit is
depicted. By considering a CW radar it is firstly important
to determine if the signal can be AC coupled. This can be
done if comparably fast target movements are expected. In
this case a capacitor value with low impedance for these signal
components is connected in series. Due to this, the DC offset
is blocked. However, for low target speeds the capacitor value
can become very high such that the signal has to be DC
coupled. This means that the offset has to be compensated in a
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FIGURE 8. Block diagram of an exemplary baseband circuit.

subsequent stage [54]. Even though several offset compensa-
tion techniques have been presented, the signal should be AC
coupled if possible to reduce complexity. This is one of the
advantages of FMCW systems, where signals can generally
be AC coupled due to the intermediate frequency. As shown
in [55] it is further possible to perform the offset cancellation
in the RF part.

In the next stage the signal is amplified to maximize the
modulation of the ADCs which thus leads to a higher SNR.
If DC coupling is applied, the amplifier can also be used to
subtract a defined offset. Afterwards a low-pass filter follows
the amplifier circuit to reduce the noise at high frequency [56].
This is necessary to fulfill the Nyquist criterion of

fs > 2 · fmax (8)

with sampling frequency fs and maximum signal frequency
fmax in order to prevent aliasing. Depending on the maximum
expected target speed v the minimum bandwidth of the low-
pass filter can be estimated by

Bmin =
(

1 + v
c

1 − v
c

− 1

)
· f ≈ 2v f

c
(9)

where c is defined as the known speed of light and f the signal
frequency.

By using fast ADCs filtering can also be done in the digital
part [57]. However, depending on the scenario filters should
be designed in different types and typologies that have to be
selected. Of course a filter before the amplification stage is
also possible and would further reduce the noise before the
signal is amplified [58]. As proposed in [59] the AC coupling
and anti-aliasing filter can be combined to a bandpass filter.
Since radar transceivers usually have two or four baseband
outputs to form either a single-ended or differential I/Q sig-
nal, respectively two or four single-ended or two differential
ADCs are necessary to digitize the baseband signals. The
sampling rate has to meet the Nyquist criterion as well and
higher resolution improves the SNR. Particularly relevant is
the information of the effective number of bits.

F. SIGNAL PROCESSING
After digitization the data are processed in the digital do-
main. For evaluation purposes, the process can be done off-
line. However, for real-time applications the signal processing

FIGURE 9. Influence of offset shifts on the phase measurement of a
CW-radar. Undesired DC offsets in the I/Q signals distort the linear relation
between target distance and measured phase angle as seen from the
origin of the axes.

should be run in an embedded environment like a microcon-
troller. For Doppler radars, state-of-the-art microcontrollers
are capable to perform this task since only a phase evaluation
has to be performed. Often, integrated ADCs are sufficient
which are available up to 16 bit [46] that leads to a low-cost
integrated solution.

For a linear target movement and a resulting linearly chang-
ing phase angle ϕ between sent and received signal, the in-
phase signal is a cosine according to (7), and the quadrature
signal a sine. The phase angle can thus be obtained by the
arctangent of the quotient of both [40]:

ϕ = arctan

(
Q

I

)
(10)

If both orthogonal components are drawn versus each other
as axes of a Cartesian coordinate system, a circle will result,
where each point in time corresponds to a point on the circle.
This is equivalent to the interpretation of I and Q as real and
imaginary parts of a complex baseband signal, whose phase
angle again equals ϕ.

Real radar systems, however, often suffer from phase and
amplitude imbalances due to imperfect components and non-
linearities mainly in the RF circuit. This leads to stretched and
shifted circles in the I/Q-plane and consequently decrease the
measurement accuracy [60]–[62]. Due to this, many correc-
tion algorithms have been presented to map the elliptically
stretched circled to a unit circle [60]. This can be done in
software [61], [62] or with the help of hardware components
like phase shifters in the RF domain [63]. Each time the
system is installed in a new scenario, this calibration has to
be performed again. In Fig. 9 the influence of a shifted offset
on the measured phase of an ideal circle in an I/Q diagram can
be seen.

IV. APPLICATION EXAMPLES
After having explained the concept of modern high-precision
radars and described the important points in system design,
selected application examples will be presented in this section.

A. THICKNESS MONITORING
During the industrial production of sheets of different mate-
rials like steel or plastic, it is important to monitor the sheet
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thickness to ensure high quality. For example in steel rolling
mills the sheet thickness has to be continuously measured to
compensate for arising deviations [64]. Especially in cases of
hot or fragile materials a contactless way of measuring the
sheet thickness is to preferred. The usage of radio frequency
or millimeter wave based systems offers the advantage of a
generally higher robustness in harsh environments compared
to optical systems.

The approach described in [65] is based on a radio fre-
quency interferometer working in the X-band. Its intended use
is the measurement of a metal sheet’s absolute thickness. In
the presented setup two antennas are placed on both sides of
the sheet. A signal is fed into the first antenna, reflected and
received again. The received signal is guided through a direc-
tional coupler to the second antenna, reflected by the other
side of the sheet and received again. By the use of a second
directional coupler and a Wilkinson divider it is added to a ref-
erence signal. Thus, the signal travels the distance of all cables
and passive structures plus the respective distances between
both antennas and the metal sheet. The resulting signal is then
detected and digitized. If the electrical distances of reference
signal and the measurement signal differ by an odd multiple of
λ/2, a destructive interference occurs and the resulting signal
tends to be zero. The operation frequency is variable and
therefore several zeros in the resulting signal can be observed
within the interval of operation frequencies. Disregarding a
certain ambiguity, these zeros allow to determine the distance
traveled by the measurement signal and can therefore be used
to measure the sheet’s thickness. The authors expect a mea-
surement accuracy of a few micrometers, though they lack
a proof. Nevertheless, it is shown that the approach works
in principle, but requires calibration techniques, both in the
analog and digital domain to overcome system imperfections,
differing signal amplitudes and unknown electrical distances.

In [8] an approach based on a similar idea is presented.
The metal sheet of unknown thickness is placed between two
antennas, but in this approach the antennas belong to two inde-
pendently operating CW radar systems operating at 61 GHz.
The system is intended to be used in monitoring changes in
the sheets thickness during production. It is not able to deliver
absolute thickness measurements but relative changes with
high precision. This is caused by the fact that it solely relies
on phase measurements at a single frequency. The changes in
thickness are simply calculated by subtracting the phase mea-
surements from both radars. It was tested with the setup shown
in Fig. 10. For evaluating the system an aluminum sheet with
several shaped steps of about 100 μm height was produced.
The measurement results using this sheet are shown in Fig. 11.
The system makes use of the aforementioned six-port receiver
and achieves precisions of about 10 μm making it superior
compared to other radar based approaches as shown in [8].

In [66] a method for determining the width of multiple
layers of dielectrics on a conducting substrate is presented.
Such a technique is e.g. applied in quality assessments in
aircraft manufacturing. The setup consists of a waveguide
probe which is placed on the coating to be measured. The

FIGURE 10. Photograph of the measurement system presented in [8].

FIGURE 11. Measurement results of the system presented in [8].

system operates in the X-band and is based on the evaluation
of the reflection coefficient S11. As the dielectric constants of
the coatings are known, a recalculation algorithm, based on
a forward simulation is used to estimate the widths of the
dielectric layers [67]. These forward simulations are carried
out expecting an ideal conductor as a substrate and it could
be shown, that the results are still applicable to real-world
substrates such as aluminum or carbon composite. In exper-
iments, relative deviations from the ground truth varying from
8.4% to 15.2% are found. The relative deviations correspond
to absolute deviations of 0.45 mm and 0.19 mm, respectively
The deviations depend on the complex permittivity and on
the coating’s thickness. Thicker examples with higher loss
and higher permittivity lead to better results in terms of mea-
surement deviation. As it deals with widths of dielectrics,
this approach complements the aforementioned approaches
for the measurement of conducting materials. The achieved
deviations are low enough for the application in industrial
environments.

To summarize the three featured approaches for the radar-
based sheet thickness measurement, an overview of the key
parameters is given in Table 3.
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TABLE 3. Comparison of the Presented Approaches for Sheet Thickness
Monitoring

B. SPEED-OVER-GROUND ESTIMATION
The velocity estimation of ground-based vehicles has become
an increasingly popular topic in recent years. This is mainly
due to the efforts put in automated vehicle technologies for
which accurate knowledge of the vehicle’s movement is cru-
cial [68]. The utilization of radars for this task suggests itself
as radar technology has been used for decades to estimate the
position and velocity of various types of targets.

The evaluation of Doppler information from a radar receive
signal is probably the best-known approach to estimate the ve-
locity of targets. Accordingly, it is also employed to estimate
the speed-over-ground.

In [69] a Doppler-based approach to estimate the full 2D
motion state of a vehicle is presented. It makes use of the fact
that a vehicle is usually surrounded by numerous stationary
targets which can be taken to first estimate the relative velocity
vector between each sensor and target. Applying a system
model which includes the position and orientation of each
sensor at the car, a forward relationship between the vehicle’s
motion state and the measured target reflections is established.
By inverting the system model equation using either a least-
squares estimator or orthogonal distance regression, the actual
motion state is then estimated. To filter any moving targets
the RANdom SAmple Consensus (RANSAC) algorithm is
employed [70]. This approach requires the usage of sensors
which provide a direction of arrival (DOA) estimation for
each target, as the target angles are part of the system model.
This system was tested with a vehicle in a parking lot and
produces measurement errors well below 0.5% outperforming
the standard wheel odometry by a factor of about 3 on average.

A similar approach which does not require any DOA es-
timation is presented in [71]. It only exploits the range and
Doppler information from the environment. The target angles
are then estimated using bilateration. This means the range
information from two sensors with overlapping field of view
are utilized to estimate the angle of a corresponding target.
Since this process is ambiguous and therefore leads to ghost
targets, this, as well as the problems arising from moving
targets, is tackled using the aforementioned RANSAC algo-
rithm. The measurement results for this approach showed an
accuracy of about 1.5%. Though, it has to be mentioned that
[71] only mentions a single velocity value for the real-world
measurement.

Another approach is presented in [72]. It employs a rotating
360◦ FMCW scanning radar. Using this radar, the system is

FIGURE 12. The field test system presented in [73].

able to extract landmarks from the environment, using a prob-
abilistic filter approach. Subsequent landmark maps are than
be compared under rigid transformations to find an optimal
match. From the relative movement of the surroundings, the
movement of the vehicle itself can be determined with low
efforts. This method produced results with a median error of
0.106m s−1 during a 10km test drive in a city. The velocity
error is therefore comparable to the two previously mentioned
methods. Though, the advantage of this method is the result-
ing map of landmarks which is useful for other processing
steps on a vehicle, such as detection and classification of road
users. The most significant drawback is likely the need for a
rotating radar, which is not common in vehicles.

All the aforementioned approaches use the surroundings
of a vehicle to determine the velocity. Another approach is
to make use of the ground on which the vehicle is moving.
Simple Doppler-based methods which determine the move-
ment relative to the ground often lack accuracy when used
on uneven surfaces [74]. More recent approaches which can
overcome this issue estimate the speed-over-ground by the
usage of correlation based techniques.

In [75]–[77] a down-looking system with two receivers,
separated in moving direction, is presented. By correlating
both received signals a virtual grating lobe pattern on the
ground can be produced. A scatterer passing these lobes cre-
ates a harmonic correlation signal whose frequency is propor-
tional to the velocity. The system inherently uses the rough-
ness of the ground which is modeled as a set of individual
point scatterers. The unwanted Doppler shifts which are also
created by the movement over a rough surface, are then tack-
led by the use of a neural network. The velocity accuracy
achieved with this system is about 0.138m s−1 and is there-
fore in the same order as the former presented approaches.
The main feature of this system is the fact that it can be
placed underneath the vehicle, a position less prone to being
obstructed by snow or other environmental hazards. Also, the
computational cost of the processing is rather low.

Another correlation-based approach is introduced in [73].
This system is intended to be used on trains rather than cars.
Therefore, only the scalar speed is of interest. The utilized
radar system is depicted in Fig. 12 , it consists of two receivers
placed next to a transmitter. While the train is moving, both
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FIGURE 13. Field test result for the system presented in [73].

FIGURE 14. Illustration of the measurement principle presented in [73].

receivers are imaging the track bed as shown in Fig. 14. Dur-
ing processing the cross-correlation sequence of both images
is calculated. The peak in the cross-correlation corresponds to
the time difference between the two images which is linked to
the train’s speed. A field test result of this system is depicted
in Fig. 13. As can be seen the system suffers from many
obvious failed velocity estimations, though the actual velocity
is visible as an envelope. This flaw is due to the fact that the
angle between transmitter and the respective receiver is not
the same, therefore the receivers observe the track bed from
different angles. Still, the results give a proof-of-concept and
an improved prototype overcoming this issue is already under
development.

C. LOW-POWER APPLICATIONS
In the future the power consumption of planet earth will
increase, requiring more energy saving strategies and better
system efficiencies. However, since smart factories and smart
home applications, as well as different digital consumer goods
are flooding the market both statements oppose each other.

As a side-effect of low-power systems, costs are reduced
because no wires are needed for the installation of self-
sufficient radar-systems. Applications for low-power sensors
can be sensors for tank level [78], [79], occupancy and vibra-
tion monitoring or even vital sign detection.

To encourage the research in this area a design competi-
tion is carried out each year at the International Microwave
Symposium (IMS). On the basis of the winning radar system
of Lurz et al. at the IMS in Honolulu, Hawaii, in 2017, the
principle of low-power Doppler radar systems is explained

FIGURE 15. Photograph of the low-power radar system featured in [25].

[25]. This system showed an average power consumption of
less than 30 μW with a duty-cycling approach of six measure-
ments per second. As a consequence the radar-system could
be powered with a CR2032 battery for up to 2 years.

The top side of the realized system is depicted in Fig. 15. In
order to reduce the weight as far as possible only a two-layer
PCB is used, where the antenna is placed on the back. The sys-
tem features a VCO for the 24 GHz ISM band as transmitter
and a six-port as receiver, whose big advantage is played out
in low-power applications. This means that due to its passive
structure no power supply is necessary. Furthermore, by using
four lumped diode detectors the structure is capable to convert
very short RF pulses into a differential pair of I/Q signals. As a
consequence, all necessary information of the phase shift and
relative displacement is provided by the system.

To achieve this ultra low current consumption of 8.4 μA
the technique of duty-cycling is used. This means that for
each measurement, the microcontroller first wakes up from its
sleep-mode. Afterwards, all active components are powered
up in a defined order and an RF pulse is transmitted. In the
next step, the downconverted DC voltages are sampled with
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FIGURE 16. Measurement of one differential baseband voltage.

the internal ADCs and the data is sent to the host via an uni-
versal asynchronous receiver transmitter (UART) interface. At
the end of the measurement period all active elements are shut
down and the microcontroller enters the sleep mode again.
The wake-up is triggered by an internal low-power timer.

An exemplary downconverted RF pulse is shown by the
recorded differential baseband voltage in Fig. 16. It can be
seen that the pulse is less than 3 μs long and needs about
1.5 μs to settle, which is caused by the used bandwidth of
the baseband filter. Here the trade-off between bandwidth and
pulse width becomes obvious. A shorter pulse would reduce
the overall current consumption but also enforces a lower
bandwidth, leading to a in higher noise floor and a loss of
precision. As shown in Fig. 16 the authors of [25] used the
implemented quadruple hardware oversampling at each pulse
to improve the SNR by still using a lower bandwidth than
necessary.

Furthermore, the number of samples per second has to be
adjusted to the expected target moving speed or vibration fre-
quency. In this case the Nyquist theorem must still be fulfilled.
During the scenario of the competition, target moving fre-
quencies of up to 0.9 Hz were expected. This lead the authors
to the usage of a sampling rate of 6 Sps to even measure
possible harmonics. During the competition a sensitivity of
100 μm was demonstrated for a target in 1 m distance.

Concluding this application it becomes obvious that the
six-port is well suited for low-power radar applications since
less amplification is necessary and a fully passive detection
can be used. Due to this, the six-port technology clearly
surpasses conventional mixer architectures in term of power
added efficiency (PAE).

D. VIBRATION MONITORING
In many industrial areas, the tracking of a machine’s vibration
spectrum can prevent high costs due to unexpected failure.
It was shown that based on their vibration spectrum e-drives
can be monitored to prevent faults [80]–[83]. A fault is not
only detected but it can be even further specified. For example,
broken bearings, misaligned shafts or rotor bows are detected
by investigating the frequency spectrum. By also analyzing
the amplitudes of the vibrations the error can be refined more
precisely [82]. This in-situ surveillance is called predictive
maintenance and reduces the costs and increases safety during

FIGURE 17. Setup of the vibration measurement with a fan leading to the
vibration spectrum shown in Fig. 18.

a fault. Usually, this vibration monitoring is done by laser
interferometry or piezoelectric sensors. However, the first is
comparably expensive and susceptible to fog, dust and dirt
whereas the latter cannot be applied remotely.

By using high resolution Doppler-based radar systems both
drawbacks can be eliminated since it is possible to measure
the spectrum of mechanical vibrations of different machines
or even buildings like bridges remotely. The feasibility has
been shown in various publications [9], [10], [56], [84]–[87].
Furthermore, radar is capable to penetrate different non con-
ducting materials, that can be used as housings of the radar
system. Usually, for simulation of high vibration frequencies
speakers or fans are commonly used as DUTs. For the evalua-
tion of low vibration frequencies however, linear stages often
serve as targets in order to exactly adjust its amplitudes and
frequencies.

In the following part of this subsection a closer look is taken
of the publication of Vinci et al. in 2013 as an example for
radar-based vibration monitoring [9]. Here a six-port radar in
the 24 GHz ISM band was used. An overview of the setup is
depicted in Fig. 17. The radar system illuminates a metal plate,
where a fan is fixed on the opposing side. This fan is realized
by a cooler fan with a diameter of 12 cm and a rotation
frequency of 36 Hz which corresponds to a rotation speed
of 2,160 rounds per minute. Vibrations of the fan are directly
transmitted to the metal plate and can be detected by the radar.
Together with the metal plate, the fan setup is labeled as DUT
and emulates a machine that has to be monitored remotely in
an industrial environment. The DUT is mechanically decou-
pled in order to prevent vibrations which might be transmitted
to the radar and reduce the system performance by adding
further multiple resonant modes to the vibration spectrum due
to its mechanic properties.

On the side of the radar system, a plastic panel (polypropy-
lene) is introduced between the applied horn antenna, featur-
ing a gain of 20 dBi, and the target. This adds the possibility to
demonstrate the big advantage in compared to laser vibration
measurement systems. In case of the radar sensor, no line of
sight is required and housings, fog or dirt do not impair the
results.
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FIGURE 18. Results of the radar-based vibration measurement presented
in [9] in LOS and NLOS in normal operation mode and with introduced
malfunctions.

To illustrate the systems capabilities during industrial sce-
narios a measurement was performed under normal and mal-
function condition, each in a line of sight (LOS) and non
line of sight (NLOS) setup. The malfunction was simulated
by attaching a piece of plastic, weighing only 147 mg on
one blade of the fan at a distance of 47 mm away from the
center point. The measurement data was recorded and an FFT
is applied on the acquired data of the relative displacement.
The spectra, that are normalized to the maximal value during
normal operation of the fan’s rotation frequency are depicted
in Fig. 18. By comparing the measurements with and without
line-of-sight shows that no shift of the fundamental vibration
frequency and its harmonics can be seen. Even though almost
no frequency shift between normal and malfunction mode
occurs, it is obvious that the attachment of the plastic piece
strongly increased the amplitude of the fundamental vibration
frequency. This shows that in an industrial scenario a fault
could have been detected clearly and that radar technology
is more than an alternative for predictive maintenance of e-
drives or heavy machines.

E. VITAL SIGN SENSING
A special measurement application related to vibration mon-
itoring is the sensing of the signs of life. Both humans and
animals show inevitable vibrations of their skin due to body
movement, heart beat, and respiration when they are alive -
and these can be captured by radar systems. This creates po-
tential applications in the medical field, to objectively evaluate
patients’ health state and to track the process of recovery. A
big advantage over conventional measurement devices, such
as the electrocardiogram (ECG) or the photoplethysmogram
(PPG) is the ability to acquire the data without requiring con-
tact to the patient. Even clothing and mattress are penetrated
by microwaves and millimeter waves under normal circum-
stances. This enables a long-time monitoring without causing

FIGURE 19. Possible application of a vital sign sensing radar underneath a
patient bed in hospital [89].

stress or reducing the patients’ comfort [88]. An example for a
vital sign radar included in a patient bed can be seen in Fig. 19.

Typical system prototypes use operating frequencies in the
range of 1 GHz [90] up to 300 GHz [91], with a clear
focus on the microwave and millimeter-wave ISM bands. In
applications where only a single subject is supposed to be
monitored, the unmodulated CW radar is oftentimes preferred
over FMCW radar due to its high phase resolution at a low
system complexity [92]. Because the biological signals are
only slow-varying, a measurement bandwidth of about 100 Hz
is sufficient to capture respiration and heart beat [93]. The low
bandwidth helps to reduce noise and high-resolution ADCs
are available to reduce quantization noise, leading in sum to
a low RMS error of the distance measurement. Depending on
the spot on the body illuminated by the antenna, the distance
signal contains different information: First, the chest displace-
ment due to respiration, which can be used to determine the
number of breaths per minute [94]. Second, the contraction
and expansion of heart or the resulting change in diameter of
large blood vessels. This can be used to estimate the heart
rate [93], to assess the shape of the pulse wave [95] or to mea-
sure its transit time, the so-called pulse wave velocity, which
contains information on the state of the vessels’ walls [96],
[97]. An exemplary signal measured with a 24 GHz CW
radar is shown in fig. 20. The third vital signal, which can be
captured by high-precision radar systems, are the vibrations
of the chest caused by the closure of heart valves, which are
contained in the so-called apex cardiogram [98] (see Fig. 20).
These prominent heart sounds, which are usually transformed
into audible sound by a stethoscope, can be used to precisely
determine the inter-beat-intervals, and the resulting heart rate
variability, which is related to the autonomous nervous sys-
tem and hence can indicate stress, relaxation, or several dis-
eases [93], [99]. Typical amplitudes and frequencies of all
three signal components are listed in Table 4. The current
challenge is to develop sensors which a sufficiently large
dynamic range on the one hand, and on the other to create
algorithms for the extraction of the relevant features from the
raw distance measurement.

In addition to the monitoring of patients in hospital, sen-
sors for the surveillance at home, in office or in vehicles are
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FIGURE 20. Cardiac action recorded with a CW radar system focusing on
the human chest.

TABLE 4. Approximate Amplitudes and Frequency Bands of Healthy
Humans’ Vital Parameters in Resting Condition

another big field of application. Especially persons at risk,
such as elderly or sick can benefit from a continuous moni-
toring. In these scenarios, additional features like for instance
a fall detection often require an angular resolution [100]. If
entire rooms are to be covered by a monitoring system, the
complex measurement scenarios usually require modulated
signals, such as FMCW radar [101], [102]. In combination
with analog or digital beamforming techniques, this adds the
ability to separate targets in angle and distance, and to record
the vital signs of more than one person at a time.

In addition to a continuous vital sign monitoring for di-
agnostic purposes, detecting any vital signs, such as body
movements in debris after earthquakes is an important field
of research as well. In these cases, UWB radar is frequently
used due to its spread spectrum and the resulting robustness
and improved penetration of dielectric obstacles [103]–[105].

Not only the vital signs of humans are of interest. Recently,
radar systems have also been proposed for the application in
livestock farming. In [106], an UWB radar has been used
to monitor heart and respiration rate of cows. Moreover, a
FMCW radar was used by [107], [108] to detect anomalies in
the gait of sheep and cows as an indication of lameness. Thus
radar sensors can also be used to optimize modern farming by
detecting and preventing diseases of the livestock.

V. CONCLUSION
It can be stated that radar systems have made their way into
various industries and also into our daily life. Due to recent

advances regarding technology, system design and signal pro-
cessing, the systems can be adapted to measurement tasks
from the sub-micrometer range to hundreds of kilometers.
Due to their ability to penetrate many dielectric materials
and hence to perform a contactless measurement of distance,
vibration, and even vital parameters without causing harm to
humans, they will more and more supplement or even sub-
stitute conventional cable-based sensors in the near future.
Their application increases production efficiencies, improves
quality and hence and reduces the prize of goods. Moreover,
the risk of injuries and accidents can be lowered, even vital
parameters of humans and animals can be tracked for diag-
nostic or therapeutic reasons. All of these benefits are a great
motivation for engineers to keep pushing the limits of radar
systems. In particular, miniaturization is a big topic of inter-
est, where bridging the gap between the microwave and the
optical frequency ranges offer new material-to-waves physics
interactions to foresee novel applications. The development of
flexible RF materials leads to systems which can be mounted
on almost any surface. Moreover, advances in the 3D printing
of circuits and components offers a rapid prototyping and a
accelerates the development process. Finally, the use of bio-
materials enables the design of eco-friendly radars. Upcoming
circuit technologies support this by promising a lower power
consumption to increase efficiency.
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