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This chapter provides a radar perspective for millimeter wave propagation
and scattering. It considers radar principles and the features of subsystems
and components of millimeter-wave radars. Rather complicated notions of
radar theory are stated in a very simple manner as a kind of overview. Then,
application of millimeter-wave radar for intelligent transportation systems
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(ITS) is analyzed in detail as the main section of the chapter. The role of
radar sensors in ITS is shown, and frequency allocation for ITS radars is
analyzed. Traffic surveillance radar, which is an element of ITS infrastruc-
ture, is described. Then automotive radars are categorized into long range,
medium range, and short range, and each category is considered. On this
basis different functional applications of automotive radar are briefly de-
scribed. Radar-based communications for both car-to-car and the entire ITS
system are considered. The necessity and possibility of data exchange us-
ing WLAN (wireless local area network) is indicated. Millimeter-wave radars
are employed in a wide range of commercial, military, and scientific appli-
cations for remote sensing, safety, and measurements. That is why other
important millimeter-wave radar applications are considered. Finally, the
conclusion is that millimeter-wave radar is a universal instrument for nu-
merous promising applications and a device quite suitable for network use
and data exchange via wireless networks.

10.1 Introduction

Millimeter waves were once considered unfit for practical use in radar.
One of the main reasons was the absence of suitable means of generation,
reception, channelization, and transmission of electromagnetic waves of
millimeter range. Moreover, the laws of millimeter-wave propagation in the
nonhomogeneous atmosphere were not studied enough.

Nowadays, creation of modern and prospective millimeter-wave radar
systems is based on the research of propagation and scattering features in
the millimeter-wave range as well as on the development of methods and
means for millimeter-wave generation and reception.

Step by step both theory and practice discover new advantages of mil-
limeter waves, and millimeter-wave radars become more and more applica-
ble in different fields. Today millimeter waves are increasingly used in car
radar, cloud radar, radar, and radiometry for concealed weapon detection
(CWD), high-speed wireless access, ultra-high-speed wireless local area
networks (WLAN), and other means of communications including radar-
based communication systems.

High antenna gain at rather small aperture and the possibility to use
wideband and very short waveforms facilitate improved resolution and ac-
curacy of radar measurements, which is an obvious advantage of millimeter-
wave radars, as well as huge information content and information rate with
application of radar-based communication data systems. Moreover, as we
now know, millimeter waves are characterized by stable propagation prop-
erties in unfavorable environments and improved noise immunity.

The millimeter-wave spectrum has become the focus of attention in
recent years also because the lower frequency bands are filling up very
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quickly. New wideband applications, such as WLAN and radar, require large
bandwidths, which are readily available at millimeter-wave frequencies.

However, significant attenuation, signal depolarization, amplitude, and
phase changes are attached to millimeter-wave propagation, and atmo-
spheric attenuation tends to be higher if the frequency increases, and it
also depends on weather conditions. The selection of a particular frequency
band for new radar systems depends therefore on a number of factors, in-
cluding (1) the propagation environment, (2) the frequency bands available
for a particular service, (3) backscattering properties of targets, and (4) the
availability of appropriate technology.

Because of rather large absorption in the atmosphere, millimeter waves
are used mainly in short-range radar systems.

Theory and applications of millimeter-wave radar are described else-
where in books [1-3], book chapters [4-0], and survey papers [7]. Problems
and advantages of millimeter-wave radar are discussed at various interna-
tional conferences and symposia [8—12]. This is a field of rapid development
and, from time to time, it is necessary to make a short stop to survey what
has already been done in order to have a possibility to further advance
and face the future with confidence. Thus, a consideration of the trends in
development and application of millimeter-wave radar systems and their
various functions, which have received significant development during re-
cent years, is of doubtless interest.

In this chapter, the state of the art for millimeter-wave radar design and
application is presented. First, a brief overview of millimeter-wave propaga-
tion and scattering is provided. This is followed by basic radar design prin-
ciples. On the basis of millimeter-wave radar possibilities and real practical
needs, different millimeter-wave radar systems can be created, particularly
for intelligent transportation systems weather information systems, remote
sensing, and other applications. These items are used as the core of the
chapter.

10.2 Propagation and Scattering of Millimeter-
Length Waves

Understanding millimeter-wave interaction with molecules of atmospheric
gases, hydrometeors, turbulent inhomogeneity of air, and also the estima-
tion of influence of vertical stratification of the atmosphere and reflections
from underlying terrain on characteristics of received signals are rather im-
portant in radar applications.

Now the problem of millimeter-wave propagation is appreciably inves-
tigated. Results of research and theoretical calculations of scattering and
molecular absorption in hydrometeors coincide quite well. The features of
millimeter-wave behavior in the atmosphere that are the most significant
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for radar applications and the features of backscattering that underlie active
radar will be considered in this section.

10.2.1 Molecular Absorption

The theoretical description of gaseous absorption is well established and
a number of models have been developed to calculate the transmission
and attenuation through the Earth’s atmosphere. Millimeter-wave attenu-
ation in atmospheric gases can be assessed, relying primarily on data on
temperature, pressure, and humidity, all of which are normally available.
The theory of molecular absorption in the atmosphere is quite com-
plicated. Therefore, normally researchers use numerous approximations
when calculating molecular absorption spectra of gaseous components of
the atmosphere. This influences the accuracy of the final result. Perhaps the
most comprehensive theory of millimeter-wave gaseous absorption was de-
veloped by Kalmykov and Titov [13] and Zagorin et al. [14]. As a result of
theoretic and experimental work, the method of the memory functions was
developed for the description on the molecular level of the complex re-
fractive index of polar gases for arbitrary symmetric molecules. According
to Zagorin et al. [14], the developed model of molecular gaseous absorp-
tion describes sufficiently the phenomena under study in a broad range of
pressures. In Figure 10.1, adapted from the work of Zagorin et al. [14], the
absorption spectra of oxygen in dry atmosphere are shown at 29.7°C for
a frequency band of 54—66 GHz. Solid curves represent the calculations in

Absorption dB/km

54 56 58 60 62 64 66
Frequency, Ghz

Figure 10.1 Absorption of oxygen at 54—66 GHz band in dry atmosphere as a func-
tion of frequency at 29.7°C and different pressure (height). The six curves correspond
to six heights:( 1) 0; (2) 3 km; (3) 6 km; (4) 9 km; (5) 12 km; (6) 15 km. Dots are ex-
perimental results. From Zagorin et al. [14].
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the framework of the model [13]; dots are experimental data. Curves 1-6
correspond to different pressures (in kilopascals) and therefore to different
heights (in kilometers): 1, 101.3 kPa (0 km); 2, 70.11 kPa (3 km); 3, 47.19
kPa (6 km); 4, 30.81 kPa (9 km); 5, 19.49 kPa (12 km); 6, 12.1 kPa (15 km).

Such calculations can be performed at different frequency bands for
different gaseous components, particularly for water vapor, and also for
the complex influence of both oxygen and vapor.

In the area of submillimeter wavelengths, the absorption is made by
molecules of water vapor, carbonic gas, and oxygen. Air temperature de-
creases in the troposphere with increased height. That is why water content
is also rather sharply reduced with height. Therefore, the infrared area of a
spectrum is substantially accessible to monitoring from balloons and high-
altitude planes. In this area of a spectrum, along with gaseous absorption,
the self-radiation of the atmosphere is also essential, which is especially
important for research of background radiation of the universe.

Summarizing, one can say that absorption of millimeter waves increases
on average if frequency rises; however, there are pronounced resonance
peaks of absorption in the atmosphere. They are caused by the presence
of oxygen and water vapor. These phenomena are typical, for example, at
the frequencies of 22.2 GHz (vapor), 60 GHz (oxygen), 118.8 GHz (oxy-
gen), and 180 GHz (vapor). Under the condition of moderate air humidity
(about 7.5 g/m5 at the Earth’s surface) the complete millimeter-wave atten-
uation at the separate parts of the spectrum runs up to 200 dB and even
more. Between such stable absorption bands, the window regions exist.
Average wavelengths and typical absorption factors of window regions are
presented in Table 10.1.

The window regions are rather wide; therefore, frequencies around the
mean values indicated in Table 10.1 normally may be chosen as standard
values for different applications. Special practical interest is traditionally
typical for window frequencies of about 35, 94, 140, and 220 GHz.

10.2.2 Attenuation in Hydrometeors

In addition to molecular absorption in air, attenuation during propagation
is caused by particles in the atmosphere, especially condensed water vapor
particles (hydrometeors) in the form of fog, cloud, rain, snow, and hail. The

Table 10.1  Absorption of Millimeter and Submillimeter Waves
in Window Regions

Wavelength, mm 86 35 24 14 085 072 06 046 0.36 0.02
Frequency, GHz 35 86 125 214 353 417 500 652 833 1500
Absorption, dB/km 0.07 0.42 0.45 1.0 6 14 35 37 45 5
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attenuation is specified by two mechanisms: (1) absorption of the incident
radiation energy in a volume of a hydrometeor (e.g., a raindrop) and (2)
diffraction scattering of the incident radiation by a hydrometeor into the
ambient space.

When the radiation wavelength is much greater than the size of the
hydrometeors, as in the case of microwave radar, the absorption cross-
section is at least an order of magnitude greater than the scattering cross-
section, and scattering can thus be neglected. However, this simplification
is not valid in the millimeter region, because hydrometeors are comparable
in size with the sounding wavelength. As a result, scattering occurs, leading
to significant attenuation [15].

Rain, clouds, and fog are the most prevalent forms of hydrometeors
encountered in the atmosphere, and rain, in particular, plays a dominant
role in determining the availability and reliability of radar and communi-
cations systems operating at millimeter waves. Assuming spherical drops,
in particular for clouds and light rains, the attenuation can be calculated
using classical Mie scattering theory [16] using the known drop size distri-
bution, terminal velocities of drops, and the complex refractive index of
water. For nonspherical drops, particularly in the case of strong rain, more
complex approaches are available that take into account polarimetric prop-
erties [17,18]. However, such approaches are nontrivial. At the same time
very simple approximations have been developed in terms of power-law
relationships between attenuation, y, and rainfall rates, R, such as y = aRr®
[19-20]. In this simple model, particular attention has been given to the data
on the microstructure of rain used to calculate specific attenuation and to
the applicability of such calculations to real rainfall situations.

As has been noted elsewhere [15], only a forward scattering brings the
contribution to attenuation, and for rain, which is a very rare medium of
randomly situated drops, especially in relation to millimeter-wave wave-
length, this forward scattering is always coherent.

The contribution of scattering in the attenuation of millimeter waves
is essentially different from centimeter waves. Attenuation of millimeter
waves is substantially determined by scattering radiation, and the albedo
of millimeter-wave single scattering practically does not depend on wave-
length, rain rate, drop size distribution, and thermodynamic temperature
of water in droplets. Note for comparison that in microwaves (centime-
ter waves) albedo is a decreasing power function of wavelength and also
depends on rain rate, drop size distribution, and temperature of droplets.

The most important property of millimeter-wave propagation in all di-
rections different from the direction of propagation (different from forward
scattering) is the fact that for raindrops distributed randomly in space, the
scattering on different droplets can be considered independent. This is be-
cause raindrops are distant enough from each other; that is, they are in
the far-field region regarding the adjacent scatterers. Thus, each droplet



312 m Millimeter Wave Technology in Wireless PAN, LAN, and MAN

135°  120° 105° 90° 75° 60° 45° 30°

150°

165°

180°

Figure 10.2 Normalized scattering indicatrices of the rain element. (1) » = 1.4 mm,
R=125mm/h; (2) A = 1.4 mm, R = 1.56 mm/h; (3) A = 2.2 mm, R = 12.5 mm/h;
(4) » =2.2mm, R =1.56 mm/h; (5) A = 3.3 mm, R = 12.5 mm/h; (6) >, = 3.3 mm,
R =1.56 mm/h; (7) A = 8.6 mm, R = 12.5 mm/h; (8) A = 8.6 mm, R = 1.56 mm/h.
From Zagorin et al. [14]

interacts with electromagnetic waves in such a way as if other droplets
do not exist. This allows the assumption that radiation scattered by the
aggregate of different raindrops is incoherent scattering (but not forward
scattering!).

Distribution of radiation scattered by rain in different directions is de-
scribed by normalized scattering indicatrix. According to Zagorin et al. [14]
in Figure 10.2, scattering indicatrices are shown for radio waves with wave-
length A = 1.4, 2.2, 3.3, and 8.6 mm in rains with rain rate R = 1.56 and
12.5 mm/h. Calculations were done on the basis of Mie theory [16]. De-
spite multilobed scattering indicatrix of separate particles (number of lobes
|m| x, with |m]| as the modulus of complex refractive index particle mate-
rial, and x = 2mwa/A, with a the particle radius), the shape of a scattering
indicatrix of polydisperse medium, like rain, is very smoothed. Neverthe-
less, the effect connected with Mie scattering is very well expressed in the
millimeter-wave band, in contrast to centimeter waves where indicatrix is
close to the Rayleigh case.

This effect consists of two things: (1) the main lobe is considerably
prolonged in the direction of wave propagation, and (2) the degree of ob-
longness depends on the wavelength, rain rate, and drop size distribution
function. The intensity of scattered radiation in the direction of wave prop-
agation increases with lessening wavelength and increasing rain rate. One
can see from Figure 10.2 that the scattering indicatrix of a rain element at
A = 8.6 mm is almost symmetric and close to the Rayleigh case, whereas
if A decreases, the forelobe becomes elongated, and anisotropy of scat-
tering is expressed brighter if rain is more intensive. The last fact is clear
because increasing rain rate corresponds to an increase in the number of
large drops.

Normalized scattering indicatrices of millimeter waves can be approxi-
mated by two-parameter expression [17] with sufficient accuracy to
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analytically estimate the level of mutual interferences between radio-
electronic systems due to scattering radio waves in rain.

In the strict sense, falling raindrops are not spherical, orientation of
their axes of symmetry has the preferable direction, and sizes are commen-
surable with wavelength. Therefore, polarization effects appear brightly at
millimeter-wave propagation in rain. This phenomenon is useful for remote
sensing.

Frozen precipitation, in the form of snow and hail, produces, on av-
erage, less influence on millimeter-wave propagation. In fact, snow, hail,
and ice have much smaller dielectric constants than water, and frozen hy-
drometeors appreciably interact with electromagnetic radiation only when
melting is taking place within the particles. Measurements of attenuation
and backscatter by falling snow and rain at 96, 140, and 225 GHz can be
found in Nemarich et al. [21].

10.2.3 Integrated Influence of Gaseous and Hydrometeor
Attenuation

Perhaps the most comprehensive model for integrated attenuation calcu-
lations is the millimeter-wave Propagation Model (MPM) developed by
Liebe [22]. This model was adopted by the International Telecommunica-
tion Union in recommendation [23]. It predicts propagation effects of loss
and delay for the neutral atmosphere at frequencies up to 1000 GHz with
contributions from dry air, water vapor, suspended water droplets (haze,
fog, cloud), and rain. For clear air, the local line base (44 O, plus 30 H,O
lines) is complemented by an empirical water—vapor continuum. Input vari-
ables are barometric pressure, temperature, relative humidity, suspended
water droplet concentration, and rainfall rate. The calculation example in
Figure 10.3 is adapted from McMillan [7]. It shows the results of calculat-
ing the atmospheric attenuation over the range 40-1000 GHz for relative
humidities of 50 and 100 percent and rainfall rates of 5 and 20 mm/h.

These calculations were done with a computer program [24] that cal-
culates attenuation as a function of a variety of factors for a number of
conditions such as rain and fog. This program has been shown to give
results accurate to about 0.2 dB/km in the atmospheric window regions of
interest in the range 0—-1000 GHz.

The curve for 100 percent relative humidity includes attenuation due
to 0.5 g/m> of condensed water vapor, corresponding to a fog that would
give only 100 m visibility in the visible spectrum. Note that this thick fog
has a considerably smaller effect on propagation than rainfall, especially at
the lower frequencies, because attenuation due to fog results mainly from
Rayleigh scattering in these bands. Rainfall is another matter, however. It
does not limit optical visibility but produces strong attenuation in millimeter
waves. Larger drops occur normally at higher rain rates. Since raindrops are
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Figure 10.3 Atmospheric attenuation in the range 40-1000 GHz. From McMillan
[7].

on the order of a few millimeters in diameter, strong attenuation due to Mie
resonance scattering takes place.

10.2.4 Refraction

Refraction is a change in direction of propagating radio energy caused by
a change in the refractive index or density of a medium.

The field of refraction coefficients undergoes strong variations in the
surface layer of the atmosphere. Therefore, it is important to take into
account the influence of weather conditions on the trajectory of millimeter
waves propagating near the horizon.

Results of long-term measurements [14] have shown that the maximal
value of an angular difference between apparent and true directions on
a source of radiation is observed in autumn in anticyclonic weather at
five angular minutes. From the same data it follows that maximal speed
of change of this difference for the vertical component of angle of arrival
is three angular minutes per hour. However, simulation under the worst
conditions showed that essential trajectory curvature is possible on a surface
radio path, which can result in errors and even loss of the target because
of probable presence of air layers with super-refraction properties. The
phenomenon of multipathing is also not incredible.

Simultaneous refraction measurements in vertical and horizontal planes
have proved that horizontal refraction is at least two orders of magnitude
less than vertical refraction. This result is in good coordination with known
data on the structure of the troposphere. Note that the change of the angle
of horizontal refraction was always less than the metering error (one angular
second). Therefore, the results concerning vertical refraction are of interest.
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On the biennial cycle of measurements in the middle latitudes [14], the
distribution of vertical refraction angles appeared asymmetrical and has
been precisely enough approximated by gamma distribution. The mean
angle of refraction and root-mean-square angle made up accordingly 70
and 50 angular seconds. On average, the refraction at night is two to three
times more than in the afternoon; in summer it is about two times more
than in winter. The maximal magnitudes of refraction were observed at the
moment of sunrise and sunset, which is associated with rising inversion
layers of temperature and humidity at the surface layer in the morning and
in the evening.

As a result of simultaneous measurements of refraction of millimeter
waves and optical radiation, it was revealed that in summer, no steady cor-
relation was observed between refraction angles at two frequency bands
(correlation coefficient was 0.4), whereas in winter the correlation coeffi-
cient rose to 0.97. The explanation is rather simple: when air temperature is
reduced, absolute air humidity also goes down and, hence, the distinction
in parameters of refraction and beam trajectories of the millimeter-wave
and optical radiation becomes less.

10.2.5 Underlying Terrain Irregularities

An interfacial area between air and earth is a weakly rough surface that
provides, actually, a kind of mirror reflection in the microwave band. Such
reflection is described by Fresnel’s formulas [25]. In millimeter waves un-
der the same conditions, wavelength and root-mean-square roughness are
comparable, that is, surface irregularities play a significant role and the
incoherent component of scattered reflection becomes dominant. Even in
this case, however, an interference structure of the millimeter-wave field is
apparent at a short distance and small grazing angle.

With increased distance, the zone of effective reflection, which is essen-
tial to formation of a fringe pattern, increases and includes both small-scale
and large-scale irregularities, which can result in destruction of the interfer-
ence structure. Besides, fluctuations of amplitude, phase, and a direction
of propagation begin to appear that also deform the interference structure
of a total field [26]. Complex phase of the fluctuating millimeter-wave field
is defined by the superposition of three components: (1) direct waves; (2)
the waves re-reflected by the underlying terrain irregularities; and (3) the
waves scattered on turbulent inhomogeneities of the atmosphere, which
will be described in the next section.

10.2.6 Turbulence

Atmospheric turbulence creates small-scale inhomogeneities in the refrac-
tive index, which are manifest in rapid fluctuations in the amplitude, phase,
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and angle of arrival of radio waves. This results in so-called scintillation
phenomena, which can impact significantly on radar and communications
systems and must be taken into account in system design. The scintillation
effects are likely to be significant in the lower regions of the troposphere
(the surface layer), where turbulent fluctuations produce mixing of air and
are responsible for vertical transport processes, and in clouds, where tur-
bulent eddies are the cause of mixing of air and hydrometeors.

The theory of wave propagation through a turbulent medium has been
developed by Tatarskii [27]. Later, the further detailing to the microwave
and millimeter-wave regions was done [14,28]. Using these theories, one
can relate the general characteristics of a stationary scintillation event, such
as the scintillation variance, Doppler spectrum width, and others, to the
structure parameter, C2, which is a measure of the turbulence-induced in-
homogeneities in the refractive index, and also to other parameters such as
the eddy dissipation rate. Such theories can be useful not only to estimate
the turbulence effects to millimeter-wave propagation but also for deriving
information about atmospheric turbulence from radar signals [29]. How-
ever, there is currently a paucity of reliable statistical data on atmospheric
turbulence parameters, and empirical models have accordingly been devel-
oped that are based generally on surface parameters such as temperature
and humidity, and which can hence be applied to the design of radar and
communications systems.

10.2.7 Scattering and RCS

In Section 10.2.2, the phenomenon of scattering was considered as a source
of wave attenuation. However, in the case of radar, the wave scattering
should be additionally considered as a source of useful signal and also
clutter. Features of this useful aspect of millimeter-wave scattering will be
outlined now.

Considering a rain element as a radar target (for cloud radar, as an
example), all directions of scattering, as shown in Figure 10.2, except of the
wave line along the abscissa, represent this aspect of scattering (if bistatic
radar is taken into account). The direction of 180° (back lobe) represents
the backscattering, the only component of scattering that is important for
monostatic radar. Hereinafter, the term radar means monostatic radar, when
both transmitter and receiver are located in the same position.

Thus, the energy scattered back to the source of the wave (called
backscattering) constitutes the radar echo of the object. The intensity of
the echo is described explicitly by the radar cross-section (RCS) of the ob-
ject (target). The units of the RCS are the equivalent area, usually expressed
in square meters.

Millimeter-wave radar targets and clutter have been considered by
Kulemin [3], who described reflections from land, sea, and precipitation,
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including land and sea backscattering for the small and extremely small
grazing angles that are necessary for clutter rejection in radar systems. A
summary of the interactions between radiated waveform and different tar-
gets and clutter affecting operation of radar in the millimeter-wave band is
also presented.

General principles of target RCS description and measuring in the
millimeter-wave band are the same as in other radar frequency bands [30];
however, small wavelengths require (1) more accurate theoretic consider-
ations, such as calculations using the Mie approach instead of the Rayleigh
approximation for raindrops, and (2) more difficult measurements because
of the application of complicated millimeter-wave technology.

Comprehensive consideration of backscattering phenomena and the
RCS for a wide variety of targets is beyond the scope of this book. Taking
into account that millimeter-wave radar is actually a short-range sensor and
some of its important applications concern the intelligent transportation
systems (ITS) and automotive safety systems such as the forward collision
avoidance assistance system (FCAAS), which has to be capable of detecting
not only other vehicles but many other objects including pedestrians, let us
consider the RCS of a pedestrian as an example of a millimeter-wave radar
target. This is perhaps one of the most complicated targets because the RCS
is difficult to measure. This consideration is completely based on the results
of work by Yamada [31], who has researched the RCS of pedestrians for 76-
GHz radar. The measurements were done with an FMCW (continuous-wave
frequency-modulated) radar system from a distance of 5 m. Experimental
data were obtained by rotating the pedestrian on the turntable and mea-
suring the radio wave reflection intensity from all directions. The obtained
scattering pattern is shown in Figure 10.4a. Figure 10.4b shows the results
obtained for the moving average of the same data about an angle of 2.6
degrees (10 samples). The RCS is measured in decibels relative to a square
meter, dBsm.

The average value of the RCS was found to be —8.1 dBsm. This is about
15-20 dB less than the reflection intensity of the rear of a vehicle. A spread
of the RCS was more than 20 dB. Moreover, the results showed that the
reflection intensity of the pedestrian’s front and back is about 5 dB higher
than the pedestrian’s side. The radio wave reflection intensity depends on
the pedestrian’s aspect. The reflection intensity of a naked human body
is almost the same as that of clothes that have a comparatively high radio
wave reflection intensity, such as a cotton shirt.

In the case of the unwrinkled shirt, there is very little change in the
reflection intensity, even when the shirt is swung to the right and left. For
the wrinkled shirt, however, the reflection intensity changes considerably
with the swing. Two or more scatter points (where the radio waves are
reflected strongly) normally are created by wrinkling the clothes. This is
why the RCS changes when the shirt moves. Perhaps this change in the
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Figure 10.4 (a) Pedestrian scattering pattern raw data (left); (b) Averaged scattering
pattern (right) [31].

RCS and the reflection intensity occurs because the waves reflected from
these scattering points produce phase interference.

This example shows that millimeter-wave backscattering contains a lot
of information about the target; it can be measured and used in many
different applications. Even an insect may provide a measurable RCS in the
millimeter-wave band.

Significant attenuation of millimeter wave can be considered a disad-
vantage of this frequency band; however, the same property can also be
used for deriving information about the environment in remote sensing
systems as well as for improving interference protection and electromag-
netic compatibility. These aspects, radar principles, and applications will
be considered later in this chapter.

10.3 Radar Design Principles

The basic principles of millimeter-wave radar are similar to those of mi-
crowave radar. The stronger wave attenuation discussed above can even
be advantageous in certain radar and communications applications. For
example, the transmission frequency can be selected such that the atmo-
sphere imposes additional attenuation, thus minimizing unwanted inter-
ference from other cofrequency systems and improving the efficiency of
spectrum usage. In fact, millimeter-wave radar systems have intermedi-
ate properties between microwave and infrared systems. They should be
designed in such a way to take the best features from each. In this sec-
tion we consider common principles of radar in relation to the features of
millimeter-wave systems.
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10.3.1 Radar Tasks

Assume that an observer is situated at a point O, and his task is to learn
what object is located at another point, A. The observer (a radar) can radiate
electromagnetic energy (waves) and concentrate it (with the help of an
antenna) in a given direction. It is important to note the following. The main
energy flow is spatially concentrated by the shape of the main beam; in spite
of this, some energy (more or less) is, nevertheless, radiated in all directions
without exception. The same, of course, concerns the direction of receiving
reflected signals. The observer can have some a priori information about
the object (radar target) and the environment. Under these conditions, the
main tasks of radar are

B Detection: decision making regarding the presence or absence of a
target with minimum allowable probabilities of erroneous decisions

B Measurement: a process to estimate the coordinates and parameters
of motion of a target with minimum allowable errors

B Resolution: separate surveillance (detection and measurement) of an
individual target in the presence of other targets

B Recognition: ascertainment that a resolved target belongs to the
given class of targets

B Target tracking: the use of radar measurements for continued track-
ing of a given target

The numerous applications of radar can be reduced to this limited num-
ber of tasks.

10.3.2 Physical Processes

Let us assume a radar radiates a sounding signal (waveform), which after
a time reaches a point where an object A (a target) is located. As a re-
sult of interaction with target A, the incident wave induces both electric
and magnetic currents in the target, and they, in turn, generate electro-
magnetic waves propagating over all directions, including backscattering
signal directed to point O. Reflected signal reaches point O and causes a
corresponding signal in the form of a current or voltage. The delay time
of the reflected signal contains range information. If the target is moving
relative to the radar, the reflected signal gets a Doppler shift of frequency
proportional to the radial velocity and inversely proportional to the radar
wavelength, that is essentially higher in the millimeter-wave band than in
longer wavelength bands. If the target has a nonspherical shape, the po-
larization of the reflected signal is different from the polarization of the
radiated signal and also depends on the mutual orientation (in space) of a
target and antenna beam.
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It is clear that all information on the target can be obtained only by
comparison of radiated and received signals. This information can be in the
form of electric signals, and further interpretation and transformation into
physical or geometrical parameters is an additional independent problem.

10.3.3 Sounding Waveforms

Various kinds of sounding waveforms can be used in millimeter-wave radar.
The most obvious is division of all possible waveforms on continuous-wave
(CW) and pulse sounding signals. A modulation of the sounding radiation
is necessary at least to measure target range. Frequency (FM), phase code
(PCM), amplitude (AM), and polarization modulations are possible. Differ-
ent modulating functions can be used, including noise (random) function,
but in the majority of cases the waveform is deterministic. Depending on
the spectrum width, sounding signals are divided into narrow band (NB),
wideband (WB), and ultrawideband (UWB).

Now we consider only a classical type of radar. In this case the sounding
waveform is rather simple. It can be a CW FM wave normally with linear
FM or a train of short pulses with pulse repetition time, which is much more
than pulse duration. The spectrum width of such signals, B, most often is
many times less than the carrier frequency of radiation, f;,, especially in
millimeter-wave radar; that is, for the radar sounding signal, B/ f, << 1,
excluding some special cases that will be considered in Sections 10.3.6 and
10.3.10. This inequation is a condition of the NB signal. Any NB signal U (¢)
can be expressed as [32]

U = A@) cos 27 fot + (D], (10.D

where A(#) and ¢ (¢) are functions of time that are very slowly changing
during the time 7' = 2/ f,.

The theory of radar that was initially developed reasoning from such
simple models as expression (10.1) now is very much advanced and is
valid for a wide variety of waveforms (sounding signals), both NB and
WB. Along with a law of time modulation being fulfilled in the transmitter,
variations with time of orientation and parameters of antenna affect essen-
tially the aggregate space—time modulation of radar signals. Selection of
the sounding signal during radar design normally defines key features of
the radar system, namely: resolution and measurement accuracy of range,
radial velocity and angular data of targets; possibility to provide required
energetic parameters at limited peak power of millimeter-wave generators;
and interference immunity of the system.

Important properties of sounding signals are described with the help of
ambiguous functions [32,33]. The most recent and advanced radar theory
[33,34] uses the term “mismatch function” instead of ambiguous function.
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This theory notes a difference between (1) matched and (2) optimal cases
of signal resolution. Matched resolution takes place as a result of signal
processing that is optimized for the background of uncorrelated stationary
interference with known parameters; that is, without taking into account
any other possible signals except predicted signal. In this case, improve-
ment of resolution is provided only by the selection of the signal structure.
Optimal (mismatched) processing is used for better reduction of strong un-
wanted signals, taking into account their features. Optimal (mismatched)
processing can be nonadaptive, oriented on a predetermined typical situa-
tion, or adaptive, which means it can adjust to the unknown in advance of
a specific situation.

10.3.4 Radar Signals and Information

It is natural to expect that a reflected signal looks like the sounding wave-
form. In the case of NB radar, it corresponds to model (10.1). If target A is a
stationary target, only the amplitude and phase are changed while the mov-
ing target could change the frequency of the reflected signal relative to the
radiated one. Note that other targets will be illuminated as well, specifically
those that are located on the same distance as target A; reflected signals
from such targets will simultaneously reach the point O where the radar is
situated. Thus the reflected signal in point O is defined as a sum of all signals
returned simultaneously and can be described also by expression (10.1).
In Section 10.2.6 we considered the RCS of a target without taking into
account polarization properties. Now let us clarify in more detail what in-
formation can be obtained from radar returns. Suppose that neither interfer-
ences nor any effect of propagation medium exist, and confine our consid-
eration to linear polarization. Under this condition, suppose at first that an
electric field vector of incident wave E; is horizontally oriented: horizontal
component (E y); # 0 and vertical component (£y); = 0. For many targets
the scattered waves have different polarization than the incident waves.
This phenomenon is known as cross-polarization. So, in the general case,
the electric field vector of a backscattered signal, Ej, has another spatial ori-
entation. That means it has both (E ), # 0 and (E ), # 0 orthogonal com-
ponents. Naturally, vector Ey, is proportional to vector E;, hence both (E ),
and (E ), components of a backscattered vector are proportional to (E g);:

(Ep = Sun(Em)i; (10.2)

(Ev)p = Svu(E )i, (10.3)

where Syy and Syy are coefficients, which generally are modulus con-
stituents of the scattering matrix [S] composed of four numbers, Sy, (x =
H;V,y=H;V).
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Having recollected expression (10.1), one can see that each component
of backscattered wave, in the general case, gets a phase shift relative to
the incident (or radiated) wave. In the considered case, the orthogonal
components of the electric field vector can be expressed by the following
time representation:

(Epp = Sy A) cos 27 for + (D) + Yyul, (10.4)

(Ev)p = Suv AW cos 27 for + (@) + Yyl (10.5)

In addition to modules Syy and Sgy, phase shifts ¥gy and Y are
argument of complex constituents of the scattering matrix, [S]. It is seen
from formulas (10.3) and (10.5) that in the case of a horizontally polarized
incident wave, the backscattered wave is defined by four parameters, Sy,
Suv, Yum, and Y. Consideration of a vertically polarized incident wave
will result in another four parameters, Sy, Syy, Yvy, and Yy g.

In general, an incident wave, radiated by radar, may have an arbitrary
or any given polarization, which is characterized by two orthogonal polar-
ization components, (Eg); and (Ey); in the case of a linear polarization
basis. Thus complete description of the radar target can be done with the
help of the indicated eight numbers, which constitute the scattering matrix
mentioned above:

S S

(5] = |>H7 oV , (10.6)
Sva Svv

where s,,, x = H;V, y = H; V, and quantities s, are in general complex

with modulus Sy, and argument ¥,,. The scattering matrix is individual for

each object or a class of objects and provides target signature.

In reality it is difficult to measure absolute values of amplitudes and
phases. That is why relative measurables are often used; for example, such
values as S/ Svv; Suy/Svv; Yun-¥yy, and some others.

The backscattered RCS is related to the scattering matrix components
by the following relation:

[UHH UHV] — hn R |:|SHH|2|SHV|2:| 10.7)
Ova  Oyv ISyal* [Syvl? ] .

where o,,, x = H;V, y = H;V is the RCS at given polarization proper-
ties on transmitting and receiving. Similar and equivalent equations can be
obtained through circular polarization [35].

Polarization is mostly sensitive to the shape and orientation of a target
or its components. Velocity of a target is reflected in corresponding Doppler
frequency that gives additional information.
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10.3.5 Spatial Resolution

Reflected signals are received by the radar antenna mainly within some
solid angle, AQ. Quantitative estimation of this solid angle can be done
separately for two plane angles, A6 and A¢, normally in the horizontal and
vertical plane, correspondingly, and each of these two angles is defined by
the ratio A/d of wavelength, A, to the linear size of the antenna, d, in the
appropriate section. Thus, a reflected wave and finally a signal at the input
of a radar is formed by the currents that are induced by the incident wave
on the elementary area with linear sizes RAO and RA¢ within distance R.
Obviously, for millimeter-wave radar it is easy to reach the A/d ratio at least
an order of magnitude better than for microwave radar.

Suppose we have a pulse radar that radiates a pulse with a rectangular
envelope, and pulse duration is 7. In this case, all objects located along
the same direction within distance AR = ct/d (¢ is speed of light) will be
perceived as a single object. A typical pulse duration of microwave radar
is of 1 us, which gives AR = 150 m. In order to improve range resolution,
radar designers work to decrease . However, a decrease of pulse length
leads to decreasing radiated energy and, finally, radar barrier in accordance
with the radar equation [30,306], and this is one of the problems.

On the other hand, the shorter 7, the broader spectrum width B, and
the theory of radar proves that, in general, a better range resolution can be
achieved by broadening the spectrum of radiated waveform, which may be
not only pulsed radiation but CW as well (see Section 10.3.3). Range (and
also velocity) resolution potential of a waveform can be estimated with the
help of the ambiguous function that was also considered in Section 10.3.3.
Generally speaking, millimeter-wave radar has very high potentials to gen-
erate short (nanosecond) pulses and WB waveforms.

Finalizing the notion of spatial resolution, note that all objects within a
parallelepiped of the size AR x RAO x RA¢, named resolution volume,
will be perceived as a united single object. Actually, decreasing resolution
volume is one of the core problems of radar design.

10.3.6 Pulse Compression and Synthetic Aperture

Now we know that a way to lessen the range size of a resolution volume
consists in decreasing pulse duration or, more exactly, spectrum spreading.
Special kinds of modulation are used within a pulse to generate WB signals
(rB >> 1) without lessening pulse duration. Thus, radar designers may
choose a pulse duration, 7, such that it provides the necessary radiating en-
ergy (and radar barrier) and then achieve the necessary range resolution by
broadening the spectrum with the help of within-pulse modulation (mostly
FM and PSM). Special processing of WB signals provides pulse compression
at the output of the matched filter [32]. The compression ratio equals the
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time—bandwidth product, T B, and may be rather high (up to thousands).
The theoretical limit of range resolution is defined by the wavelength.

Whereas lessening pulse duration and broadening spectrum width are
related to engineering constraints, the problem of lessening tangential sizes
of resolution volume (RAH and RA¢) is confronted with physical con-
straints because angles Af and A¢ are proportional to A/d. Obviously,
the first way to improve angle resolution is to decrease operational wave-
length. Use of millimeter-wave band allows one to make the linear sizes of
the resolution cell up to ten times smaller than in the case of microwave
radar. The second way, an increase of antenna sizes, however, leads to the
appearance of very large antenna construction, which causes technological
difficulties apart from the fact that a large antenna is inconvenient, expen-
sive, heavy, impossible to be applied on board, and so forth. Accuracy of
antenna beamforming depends on relations between the phases of elec-
tric current in different points of the antenna, and in the millimeter-wave
band, even very small distances, like a fraction of a millimeter, correspond
to extremely big phase changes. Accuracy of adjustment is very critical in
such antennas. That is why protection against thermal broadening, wind,
and rain and avoidance of earth wave influence and other exposures are
independent problems of high importance. Very big ground-based anten-
nas are mostly unique and extremely expensive at both development and
maintenance. In the case of airborne and spaceborne applications, antenna
size is limited by the linear size of a platform, and to get a really high A/d
ratio is impossible. The tendency of azimuth resolution improvement (Iess-
ening angle A9) resulted in the creation of a long-fuselage aircraft antenna.
However, nowadays the much more productive idea of synthetic antenna
aperture is implemented. Actually, any antenna produces the composition
of signals obtained from different elements of the antenna surface by tak-
ing into account the correspondent phase incursion, caused by the fea-
tures of antenna configuration. Synthetic aperture is created artificially by
the following steps: (1) measurement of sequential values of amplitudes
and phases of field strength in different points of the space as antenna
elements; (2) memorization of these values; and (3) special composition of
them. These sequential measurements are done in flight, which provides
a brilliant possibility to create artificially an antenna, the size of which is
defined by the distance between the first and the last inflight measure-
ment. This means that such an antenna can be practically unlimited in
length.

All theoretical and engineering difficulties, which accompanied the
implementation of synthetic aperture, were successfully got over, and a
kind of radar that uses such antenna is called synthetic aperture radar
(SAR) [30].

As is easy to see, a special signal processing in the synthetic aperture
antenna provides antenna beam compression that is similar to the pulse
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compression considered above. These two compression technologies im-
prove spatial resolution dramatically.

Modern SAR can provide a A/d ratio of up to thousands. Use of SAR has
reduced the radar resolution cell so significantly that in some cases radar
images become similar to photography.

10.3.7 Target Selection

Clutters created as a result of reflections from unwanted objects or back-
ground returns have a considerable influence on the quality of radar oper-
ations. There are different possibilities for selecting wanted targets on the
background of clutter. Among the most efficient are polarization methods.
Some targets do not transform polarization of incident waves; in matrix
(10.6), they have oyy = oyy and oyy = oyy = 0. Normally, they are
smooth, convex, conducting bodies that have sizes and radii of curvature
much more than wavelength. However, the majority of targets are polariza-
tion dependent. It is possible to find such polarization for radiated waves,
which provides maximal ratio of returns from target and clutter within a
single resolution volume. Radar contrast may reach up to 20 dB at polar-
ization selection. A significant increase of the contrast opens the possibility
to correlate scattering matrix with a target to solve the inverse problem and
implement target recognition [37].

In the case of target movement, a reflected signal has a Doppler shift in
the frequency relative to the radiated signal. Doppler shift is proportional
to the ratio of the radial component of the target velocity to the wavelength.
If among the scatterers inside the resolution volume only a wanted target
is moving, it can be selected on the background of other scatterers, which
are clutters, with the help of frequency (velocity) selection. Moving-target
indication (MTD) is used in many modern types of radar [30].

10.3.8 Radar Detection

Radars often deal with very weak signals. Their intensity can be comparable
with receiver noise, which is described by the same model as useful signal
(10.1), where both amplitude and phase are random time functions. Noise
acts all the time whereas signal may be either present or absent (a binary
problem) [36]. A voltage at the input of a radar receiver can be represented
as two summands:

Uin() = aUs (@) + Uy (D), (10.8)
where Ug(#) corresponds to the wanted signal described by model (10.1),

and Uy(?) corresponds to all other sources including noise voltage and also
is described by the same model (10.1) with different randomly changing
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values of amplitude and phase. Note that parameter @ = 1 in the presence
of a target or @ = 0 when a target is absent.

A problem definition of radar detection can be formulated as follows
way: determine a value of parameter a in Equation (10.8); if @ = 1, a target
is detected.

However a rigorous solution of Equation (10.8) is impossible. Thus it
is fundamentally impossible to reply accurately to the question of whether
a target is present in the resolution volume or it is absent. Such a reply
can be only of a conjectural nature. Quantitative estimates of the appro-
priate conjectures are probabilities of their reliability. The reliability of a
conclusion about a value for parameter a can be improved by increasing
the observation period; that is, the interval of the function, U;,(#), which
is analyzed. A key distinction between functions Uy, (1) in two situations (a
target is present and a target is absent) consists in the difference of statistical
laws to which the stochastic functions U,,(¢) submit.

Let us try to understand those types of errors that inevitably arise during
decision making on the presence or absence of a target. Assume a radar
receiver produces some processing of input signal, U;,(#) that resulted in
a signal, U,,, (), which is a function of an additive mixture of the wanted
signal and the receiver noise:

Uoul(t) - f[aUS(t) + UN(t)]- (109)

Receiver noise, Uy(2) is always present and acts as the input of a receiver
while a signal, reflected from the target, Ugs(#), acts as a component of the
mixture only if @ = 1 (presence of the target in the resolution volume). A
function, fTx], symbolizes some procedure of signal processing. It should
be chosen in such a way as to maximize the signal-to-noise ratio (SNR) at
the output of the receiver. However, in any type of function, f[x], in all
cases the only suitable decision rule is a threshold rule: if U,,(#) is more
than some threshold value, U, the decision “target is present” should be
made. Otherwise, the decision “target is absent” should be made.

This consideration clearly demonstrates that a threshold decision-making
procedure is accompanied by two kinds of errors: (1) false alarm, when at
the absence of a target in the resolution volume, the decision of detection is
made; and (2) target skip, when at the presence of a target in the resolution
volume, the decision of absence of a target is made. Corresponding prob-
abilities of erroneous decisions are false alarm probability, F, and target
skip probability, (1 — D), respectively. Correct detection is a contrary event
relative to a skip of the target. That is why probability of true detection is D.

Radars can be designed for different applications. However, in all cases,
it is desirable to make erroneous decisions as rarely as possible. The use of
a threshold decision rule limits influence to only one possibility: to change
the value of the threshold, U,.



Millimeter-Wave Radar: Principles and Applications W 327

An increase in the threshold naturally results in lessening the false
alarm probability, F, but entails a decrease in the detection probability,
D. On the contrary, lessening the threshold results in a reduction of the
target skip probability (growth in D) but entails growth of the false alarm
probability, F.

How might a radar designer determine the appropriate threshold level?
Normally the level of false decision probabilities is defined by the user
of the radar information on the basis of required radar functions. In turn,
probabilities of false decisions constitute the basis for determination of
the threshold. However, the fact that two independent probabilities define
the reliability of radar detection leads to an unlimited number of possible
criteria of detection quality. In radar theory and practice, the Neumann—
Pearson criterion is generally accepted. According to this criterion, the false
alarm probability is fixed at the acceptable level, F, and under this condition
the detection probability, D, is estimated. Of course, we seek to have D
as high as possible; it might be close to 1. However, how high can it be
in reality? To answer this question, let us revert to formula (10.8), where
signal processing is defined by the function f[x]. The value of D depends
not only on the threshold value but also on the efficiency of the signal
processing algorithm. Function f[x] should be designed in such a way
as to maximize the SNR at the input of a threshold device. For a given
level, F = F,, the maximum possible level of D will be reached. The
problem of signal processing consists in the choice or synthesis of such a
function, f[x], at which in the framework of a given criterion the detection
probability becomes maximum. Thus the Neumann-Pearson criterion of
radar detection can be written as

F = Fp; D = Dy (10.10)

It is obvious that at a threshold rule of decision making, an algorithm
fTx] cannot be linear. In many cases, a function f[x] is implemented in
the matched filter, which is appropriated to the expected signal (radiated
waveform). It gives at its output a value proportional to the energy of the
reflected signal by the processing of input signal during its duration.

Development of signal processing algorithms is associated with knowl-
edge of statistical information on wanted signals, background reflections,
and receiver noise. This knowledge is used as a priori information for the
synthesis of optimal detection algorithms [36,38]. The more complete a pri-
ori information, the more effective algorithm can be developed; that is,
value D,z can be closer to the limiting value equals to unit.

However, in many cases real statistics of signals may differ from the
models accepted during the synthesis. This may explain the essential de-
crease in algorithm efficiency though it was synthesized as optimal in accor-
dance with a priori information. That is why special attention is focused on
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the development of robust nonparametric [30,33,39] and adaptive [33,40]
algorithms for radar detection and recognition.

10.3.9 Radar Measurement

Measurement is a separate radar task. It is important to provide the required
accuracy when measuring basic parameters and characteristics of reflected
signals to allow determination of spatial target coordinates (range and an-
gular position), velocity of target, and other target parameters. Whereas
potential reliability of radar detection depends exclusively on signal en-
ergy, the accuracy of measurement depends not only on energy but also
on the waveform.

The accuracy of direction finding depends on the antenna pattern when
it is directed to the target. The best accuracy can be achieved using the
monopulse technique. Monopulse radar splits the antenna beam into parts
and compares the signal strength of the various parts. That means the com-
parison always takes place based on the reflection of a single pulse. This
radically helps to avoid the problem that appears when radar signals change
in amplitude for reasons that have nothing to do with beam alignment.

Classical radar theory rigorously proves that to provide high-accuracy
measurements of both target range and target velocity, the waveform should
be long-continued (accurate measurement of Doppler shift) and as wide-
band as possible (accurate measurement of time delay). This means the
requirement of using WB waveforms with the time—bandwidth product
B >> 1 like that was in respect to radar resolution (Section 10.3.5). A
sounding signal that satisfies this inequation can be called a complex sig-
nal in the sense that such a waveform is very different from the simplest
radar waveform, which is a harmonic curve.

A complex signal is compressed as a result of processing in the radar
receiver (Section 10.3.6), and the properties of complex signals, particularly
FM and PCM pulses, noise-like waveforms, and others, can be estimated
and compared among themselves with the help of the ambiguity function
(Section 10.3.3).

Whereas radar detection was implemented by a threshold rule that was
applied to voltage (10.8), the range measuring procedure consists of search-
ing for a maximum of the same function, U,,,(?). Note that the best wave-
form with respect to a criterion of simultaneously measuring target range
and velocity is the ideal noise signal because it has an ambiguity func-
tion, U(Z, f), that is akin to the delta function located in a point of the
searched maximum. Coordinates of this maximum, U(Z,, f,), correspond
to the target range, R,, ~ 1, and target velocity, v, ~ f.

Another condition of accurate measurements is a high enough SNR,
which represents the energetic aspect of any radar measurement.
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10.3.10 Nonclassical Types of Radar

Let us now consider some nonclassical kinds of radar that are especially
important with respect to millimeter-wave applications.

UWB radar. In accordance with the FCC (the U.S. Federal Commu-
nications Commission) definition, a system is referred to as UWB if its
fractional bandwidth, By = (f, — f1)/ f:, is more than 0.2 or total band-
width B > 0.5 GHz; here f;, and f; are the upper and lower spectrum
components measured at —10 dB points, and f; is the central frequency.
Based on the second part of this definition, UWB radar systems with band-
width B > 0.5 GHz but less than 20 percent of the center operating fre-
quency, B < 0.2/, in the millimeter-wave band can be designed using
classical radar theory and the traditional technology of millimeter-wave
components, whereas UWB systems designed at B < 0.2/, have some
specific differences and require a more novel approach. A comprehensive
theory of UWB radar has still not been developed. However, significant
features of UWB radar are known [41]. One of them is a change of the
waveform during radiation by the antenna and also during propagation, at
the time of scattering, and when receiving the backscattered signal. There-
fore, traditional correlation processing or matched filter application can be
senseless in the case of UWB radar. Some special approaches have been
developed. Moreover, signal shape and some other parameters depend
on the direction of radiating or receiving. These and many other pecu-
liarities differ UWB radar theory from classical radar. Nevertheless, UWB
radar offers a number of attractive advantages that make it promising and
useful in many practical applications as a radar and sensing tool. UWB
systems are particularly applicable as vehicular radar ground-penetrating
radar (GPR), through-wall imaging sensors, medical imaging devices, and
so forth.

Noise radar can be used in both NB and UWB versions [42,43]. This
direction is quickly developing nowadays, provides nice resolution, solves
the problem of ambiguous measurements, and is quite applicable for the
millimeter-wave band.

Bistatic and multistatic radar, in which target radiation is performed
from one position and scattered signals are received in other positions, is
of great interest. Our vision—when the sun serves as the source of illumi-
nation and we perceive the light, which is scattered by entourage objects
—is a good illustration of bistatic (multistatic) radar. The phenomenology
of bistatic radar offers a significant benefit for different military and civilian
systems, enabling separation of emitters and collectors, greatly increasing
survivability. The theory of bistatic radar can be found in work by Mahafza
[35]. Numerical simulations of the bistatic millimeter-wave radar return from
a rocket-shaped object were performed by the Advanced Sensors Collabo-
rative Technology Alliances [44] to identify the best bistatic configurations
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for detection of low-flying missile-looking objects. Polarimetric measure-
ments of the bistatic scattered fields from a rough, dry soil surface were
performed by Nashashibi and Ulaby [45] at 35 GHz over the entire upper
hemisphere.

Secondary radar uses one radar station as interrogator, which illumi-
nates an object, usually a vehicle, and stimulates another radar station,
called a transponder, installed on the vehicle to reply. The transponder-
reply contains special information, for example, about the parameters of
the flight and the state of some on-board systems. Secondary radar of the
L-band is widely used in civil and military aviation [46]. Millimeter-wave
secondary radar systems are of interest for automotive ITS, which will be
considered later.

Passive radar uses the electromagnetic radiation that is naturally pro-
duced by a target. As is well known, any lukewarm body emits radiation
to a greater or lesser extent. At a body temperature of 300 to 350 K, the
maximum intensity of this radiation falls in the infrared (IR) band. Passive
radar that is based on detection of this radiation is called radiometry [47]
and has been used successfully. The advantages of such IR radar consist of
emission security and difficulties of jamming and target camouflage. Draw-
backs are associated with the impossibility of straightforward selection of
targets on range and with the strong influence of atmospheric conditions.
The same principle is applied to millimeter-wave passive radar systems,
which are almost free from these disadvantages in comparison with IR sys-
tems. Useful signal is essentially less in the millimeter-wave than in the IR
band; nevertheless, this is not a problem for use of such millimeter-wave
radiometric systems [48].

10.4 Radar Subsystems and Components

Millimeter-wave radars are designed for very different applications with
different functionalities. That is why radar configuration can also be quite
different. Nevertheless, any radar system has several major subsystems that
perform standard functions. For example, a typical pulse radar system al-
ways contains a synchronizer, a transmitter, a duplexer, a receiver, and an
indicator. The main features of millimeter-wave radar are related to radio
frequency (RF) subsystems and components.

The intermediate position of the millimeter-wave band between mi-
crowaves with corresponding waveguide technology and infrared waves
with typical optical methods allows application of both approaches for the
calculation and development of RF components at millimeter waves.

Theoretical, physical, and engineering fundamentals of millimeter-wave
components have been described [49]. Here we just briefly indicate the
main possibilities for building RF components of different functions.
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10.4.1 Transmitters

The choice of a reliable, high-powered millimeter-wave-transmitting device
usually is a serious problem. This is due to the necessity to use transmitters
that should provide both the rather high transmitting power needed to
achieve a high radar sensitivity and spatial resolution simultaneously (see
Section 10.3). Transmitters for millimeter-wave radars can be designed on
the basis of both electrovacuum and semiconductor generators. A series
of efficient millimeter-wave magnetrons were designed in the mid-1960s
[50]. Among them, magnetrons were designed with champion power (e.g.,
pulse power of 100 kW at a wavelength of 4 mm).

The transmitter problem has been solved using spatial-harmonic mag-
netrons with cold secondary-emission cathodes [51]. In comparison with
classical magnetrons, such magnetrons can operate effectively in almost an
entire millimeter-wave band. Moreover, they have smaller dimensions and
weight, higher peak and averaged output power, and larger lifetimes while
maintaining other well-known advantages of magnetron tubes. A disadvan-
tage of magnetrons is noncoherence of the train of pulses, which may be
very important in some applications.

Some other vacuum tubes, such as klystrons, backward-wave tubes, and
gyrotrons, are also suitable for coherent radar. Modern gyrotrons can be
designed for power outputs of 22 kW CW at 2 mm and 210 kW pulsed at
2.4 mm [7]. An array of gyrotrons was developed to build a megawatt radar
operating in the Ka band [52]. However, in many important applications
such a huge power is not necessary, fortunately. For many experimental
radars, more common power is about 1-2 kW. Such tubes, like the extended
interaction amplifier klystron [53], can be used in real coherent radars as
amplifiers in the output stage of a transmitter. These millimeter-wave de-
vices are positioned between the very-high-power tubes and solid-state
devices.

A good alternative to vacuum tubes is the solid-state generator. Mostly
Gunn oscillators [54] and impact avalanche transit-time (IMPATT) diodes
[55] are used. The high electron mobility transistor (HEMT) amplifier is
an important new development for fully solid-state millimeter-wave radars.
Such devices are suitable for high-bandwidth, medium-power amplifiers;
experimental UWB radars can nowadays be designed with their help, as
described elsewhere [56,57].

A set of power amplifier modules containing InP (indium phosphide
substrates) HEMT monolithic millimeter-wave integrated circuit (MMIC)
chips were designed for oscillator sources in the 90-130 GHz band [58].
The modules feature 2045 mW of output power, to date the highest power
from solid-state HEMT MMIC modules above 110 GHz.

Solid-state devices suffer from the same decrease in size of the frequency-
determining elements as do vacuum tubes; thus, solid-state device operation
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mostly is limited to about 230 GHz [7]. Nevertheless, solid-state oscillators
of higher frequencies can be definitely designed [59].

Kasatkin and Chayka [60] describe methods of analysis and design of
millimeter-wave transmitters with semiconductor diodes and transistors.
Physical principles of different millimeter-wave diodes and transistors, op-
timization methods of frequency-stabilized and wideband self-oscillating
systems, as well as synchronized and frequency-multiplying systems are
considered in this book. The power of generated oscillations of different
active devices can be summarized in branched and hybrid electrodynamic
systems, summation resonators and waveguides, and quasi-optical spatial-
developed systems [60].

Millimeter- and submillimeter-wave lasers can be selected as a separate
class of millimeter-wave generators. Methods of millimeter-wave femtosec-
ond waveforms generation based on two-stream free electron lasers [61]
are very promising.

10.4.2 Antennas

A wide variety of antennas can be effectively used in millimeter-wave radar,
including lens antennas, Cassegrain antennas, patch antennas, microstrip
antennas, and slot antennas.

Different configurations of planar antennas and antenna arrays have
been developed. As an example, a millimeter-wave planar antenna array
of 64 elements is described elsewhere [62].

The state-of-the-art performances of the single-layer waveguide arrays
have been considered [63]. Various types of antenna input ports are being
designed for the compact interface to millimeter-wave RF circuits. Low
side-lobe design as well as a beam scan/switch capability have also been
developed. The latest millimeter-wave wireless systems with these antennas
are directed toward applications such as fixed wireless access (FWA), LAN,
automotive radars and road monitors in ITS, and so on.

New developments of modeling techniques and technologies for multi-
frequency antennas, conformal arrays, and smart beamforming are reported
[64]. Some new applications require multifunction antennas with multiband
capability even beyond millimeter waves.

As indicated in McMillan [7], at frequencies above about 100 GHz, and at
lower frequencies for many applications, metal waveguides become unac-
ceptably lossy because of skin effect losses and our inability to make these
waveguides with the precision required for low-loss operation. In many
cases, these problems can be solved using techniques developed for the
visible and IR portions of the spectrum. This approach to the propagation
and handling of millimeter-wave and tetrahertz radiation has been called
quasi-optics.
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Quasi-optic components of the bidirectional amplification array for trans-
mit/receive front ends have been surveyed [65]; advantages of their applica-
tion in wireless communications and radar are discussed and a millimeter-
wave 22-element multilayer lens array using solid-state integrated circuits
is presented. Finally, a review of antenna technology for millimeter-wave
automotive sensor applications has also been presented [60].

10.4.3 Receivers

Both direct-detection receivers and heterodyne detectors are used in
millimeter-wave radar. The earliest detectors of millimeter-wave and ter-
ahertz radiation were simple point—contact diodes. This technique is still
used for the higher frequencies today. It has been refined in recent years
by the use of Schottky barrier structures. These diodes have operating fre-
quencies extending well into the terahertz range. Another detector suitable
for the submillimeter-wave range can be built on the metal oxide—metal
(MOM) diode. An interesting variant of the point—contact mixer is the back-
to-back diode configuration in which the fundamental frequency and all
odd harmonics are canceled, resulting in a mixer that operates at twice
the fundamental, and in some cases at four times the fundamental [67].
This configuration extends the frequency range to 320 GHz and higher. In
beam-led Schottky barrier diode detectors and mixers, the diodes are fabri-
cated by the same techniques used to make integrated circuits, and for this
reason, they can be included in these circuits. More details can be found
in McMillan’s overview [7].

10.4.4 Integrated Circuits Technology

Monolithic integrated millimeter-wave circuits have emerged as an attractive
option in the field of millimeter-wave communications and millimeter-wave
sensorics and radar. The combination of active devices with passive pla-
nar structures, including antenna elements, allows single-chip realizations
of complete millimeter-wave front ends. The state-of-the-art silicon- and
SiGe-based MMICs have been reviewed [68]. Compact heterojunction field-
effect transistor (HJFET) monolithic integrated-circuit switches will con-
tribute to the low-cost and high-performance millimeter-wave radar and
communications systems [69]. The millimeter-wave radar possibilities have
been greatly aided by recent large-scale government and industry invest-
ment in millimeter-wave integrated circuit development in such programs
as MMIC and others.

10.4.5 Other Components

Among advanced radar component technologies, micro-electro-mechanical
system (MEMS) devices [70] are of particular interest. They will be important
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for many applications, including millimeter-wave phased arrays for tera-
hertz radiometric systems and millimeter-wave SAR.

The MMIC program has developed monolithic chips, such as voltage-
controlled oscillators, driver amplifiers, power amplifiers, doublers, mixers,
switches, and monolithic transceivers. This chapter does not focus on some
important components, such as the low-noise amplifiers, power amplifiers,
frequency multipliers, feed horns, power dividers, slot couplers, matched
hybrid tees, directional couplers, PIN switches, and other integral parts of
a radar system. Nevertheless, all of them have been developed, are pro-
duced by many firms, and are suitable for different millimeter-wave radar
applications, a part of which will be considered in the next three sections.

10.5 Intelligent Transportation System Applications
10.5.1 Role of Radar Sensors in ITS Structure

The ITS programs (Intelligent Transportation Systems in the United States
and Intelligent Transport Systems in European Union countries) were started
in the beginning of the 1990s. The U.S. Department of Transportation’s ITS
program [71] is based on the fundamental principle of intelligent vebicles
and intelligent infrastructure and the creation of an intelligent transporta-
tion system through integration within and between these two components
(Figure 10.5). This principle is shared in other parts of the world. In the
European Union, ERTICO (Intelligent Transport Systems Europe) [72] is a
public/private partnership working to facilitate the safe, secure, clean, effi-
cient, and comfortable mobility of people and goods in Europe through the
widespread deployment of ITS. Other countries all over the world, partic-
ularly Canada, China, India, South Africa, Brazil, East European countries,
and Russia are also interested and participate in ITS research, development,
and deployment.

The intelligent infrastructure segment consists of several major com-
ponents. Among them are those using radar systems as sensors: arterial

Intelligent Intelligent Intelligent
vehicle communications infrastructure

Figure 10.5 General structure of ITS.
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management, including surveillance, traffic control, lane management, and
enforcement, particularly speed and stop/yield enforcement based also on
radar; freeway management with traffic surveillance systems using detectors
and video equipment to support the most advanced freeway management
applications; incident management, including surveillance and detection;
emergency management with early warning systems; and road weather
management based on surveillance, monitoring, and prediction.

Even more radar-based components are associated with the intelligent
vehicles segment, which consists of collision avoidance systems, collision
notification systems, and driver assistance systems. Let us consider them in
more detail.

Collision avoidance systems can implement at least seven functions with
the help of radar:

1. Intersection collision warning systems, designed to detect and warn
drivers of approaching traffic at high-speed intersections.

2. Obstacle detection systems, which use vehicle-mounted sensors to
detect obstructions, such as other vehicles, road debris, or animals,
in a vehicle’s path and alert the driver.

3. Lane change warning systems, deployed to alert bus and truck
drivers of vehicles, or obstructions, in adjacent lanes when the driver
prepares to change lanes.

4. Lane departure warning systems, which warn drivers that their ve-
hicle is drifting out of the lane.

5. Road departure warning systems, designed to detect and alert drivers
to potentially unsafe lane-keeping practices and to keep drowsy
drivers from running off the road.

6. Forward collision warning systems, which use radar detection to
avert vehicle collisions. These systems typically use in-vehicle dis-
plays or audible alerts to warn drivers of unsafe following distances.
If a driver does not properly apply the brakes in a critical situation,
some systems automatically assume control and apply the brakes
in an attempt to avoid a collision.

7. Rear-impact warning systems, which use radar detection to prevent
accidents. A warning sign is activated on the rear of the vehicle to
warn tailgating drivers of impending danger.

Collision notification systems supply public/private call centers with
crash location information; they use in-vehicle crash sensors, satellite (GPS,
GLONASS, GALILEO) technology, and wireless communication systems.

Driver assistance systems (DAS) include navigation/route guidance and
driver communication systems, which use GNSS (global navigation satellite
system) and wireless communication technologies, drowsy driver warning
alert, precision docking, roll stability control, and other systems that do not
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directly use radar information. However, some important components are
actually based on radar sensorics. Among them:

1. Object detection systems that warn the driver of an object (front,
side, or back) that is in the path or adjacent to the path of the vehicle.

2. Cruise control and adaptive cruise control (ACC), which is intelli-
gent cruise control, speed control, and distance control to adjust
speed in order to maintain a proper distance between vehicles in
the same lane.

3. Vision enhancement, which improves visibility for driving condi-
tions involving reduced sight distance due to night driving, inade-
quate lighting, fog, drifting snow, or other inclement weather con-
ditions [73].

4. Lane-keeping assistance systems, which are related to ACC and
radar sensors [74].

Thus radar technology and sensorics play an important role in the de-
velopment and deployment of ITS and automotive advanced electronics.
Because of the requirements to provide high accuracy, nice resolution, and
small equipment size, the overwhelming majority of automotive radar sen-
sors are designed at the millimeter-wave band. Millimeter-wave radar sen-
sors today are the heart of ITS. Sensing moving targets and complex obsta-
cles using active millimeter-wave radars is the most important component
in automotive collision avoidance and intelligent cruise control systems.

An overview of the application of automotive radars was provided by
Mende and Rohling [75]. They noted that in the last few years numerous
new DAS applications have been under evaluation or development. First
automotive radar sensors were introduced in passenger cars as a comfort
feature. Now they are designed also or even first of all to improve safety.
New functions of millimeter-wave radar appear very quickly, and no list
can be complete because different manufacturers sometimes use different
names as well as a slightly different understanding for desired functions of
the equipment. Each manufacturer has its own predicted sequence for the
introduction of those functions. It depends on what the customer research
and marketing studies have identified so far as functions a customer is
willing to pay for.

In accordance with the findings of Mende and Rohling [75], both current
and promising applications of automotive radar fall into four categories, as
follows:

1. Applications related to sensor and display to improve comfort:

B Parking aid: Invisibly mounted distributed sensors behind the
bumpers.
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B Blind spot surveillance: The zones beside a vehicle are cov-
ered by radar sensors; a warning is displayed when the driver
is about to change lanes when the (radar) field of view (FOV)
is occupied.

2. Vehicle control applications to improve both comfort and control:

B ACC: Longitudinal vehicle control at a constant speed with ad-
ditional distance control loop.

B ACC plus: Improves the handling of cut-in situations with a
wider FOV at medium range.

B ACC plus stop and go: Improves/allows the vehicle control func-

tion in an urban environment, with complete coverage of the
full vehicle width.

3. Restraint systems applications to improve safety:

B Closing velocity sensing: The main technical challenge in this
application is to decide whether a crash will happen and to
measure the impact position and speed before it happens to
adaptively adjust thresholds/performance of restraint systems
(which are not fired by the radar system).

B Precrash firing for nonreversible restraints: See above. Nonre-
versible restraint systems (like airbags) are directly fired by the
sensor system. This can be done even before the crash hap-
pens, with crash position and severity selective. This function
is of most importance for side crashes, to gain a few life-saving
milliseconds to fire before the crash happens.

4. Collision-related applications to improve both safety and control:

m Collision mitigation: See restraint systems—related functions. The
sensor system detects unavoidable collisions and applies full
brake power (by overruling the driver).

m Collision avoidance: In future function, the vehicle would auto-
matically take maneuvers to avoid a collision and calculate an
alternative path, overruling the driver’s steering commands.

Key problems with each function implementation have also been dis-
cussed [75]. The typical key questions are cost, number of sensors, fre-
quency approval problems, mounting position, sensor fusion, low false
alarm rate, liability issues, and so forth. Regarding the sequence of new
functions introduction, the authors [75] mentioned that official organiza-
tions are already evaluating the feasibility of certain functions and a forced
introduction is under discussion.
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10.5.2 Frequency Allocation

Intelligent infrastructure’s surveillance function can be implemented with
radar sensors. Such radars designed for roadside traffic data collection and
monitoring are limited by FCC regulations to operating frequency bands
near 10.5, 24.0, and 34.0 GHz. Advanced imaging techniques for traffic
surveillance and hazard detection may use also 94-GHz mid-millimeter-
wave radar and 35-GHz long-millimeter-wave radar [74].

With regard to automotive radars, the feasibility of millimeter-wave radar
technology has already been demonstrated in the neighboring 76-77 GHz
band for long-range radar (LRR) ACC systems [70]. Typically, short-range
radar (SRR) requires high-range resolution. As was shown in Section 10.3,
a wideband signal provides high resolution. That is why UWB waveforms
are frequently used in these applications. If cost-effective 24-GHz band op-
eration is desired, legal restrictions varying from country to country have
to be taken into account. On a worldwide basis, only a few parts of band-
width are free to use. In the United States, the FCC has allowed the use of
UWB radar sensors since 2002 [77]. In Europe, the European Commission
approved the decision on allocation of the 24-GHz frequency band (from
21.625 to 26.625 GHz) for automotive SRR temporarily, until 30 June 2013.
Included is the task to work toward an early introduction of equipment
operating in the 79-GHz band by means of a research and development
program. From mid-2013, new cars have to be equipped with SRR sensors
operating in the 79-GHz frequency range. This frequency band was desig-
nated for the use of automotive SRR starting 19 March 2004 (78], and the
following regulations are fixed:

B The 79-GHz frequency range (77-81 GHz) is designated for SRR
equipment on a noninterference and nonprotected basis, with a
maximum mean power density of —3 dBm/MHz EIRP (effective
isotropic radiated power) associated with a peak limit of 55 dBm
EIRP.

B The maximum mean power density outside a vehicle resulting from
the operation of one SRR equipment shall not exceed —9 dBm/MHz
EIRP.

B The 79-GHz frequency range (77-81 GHz) should be made available
as soon as possible and not later than January 2005.

The European approach of a temporary use of 24 GHz with a tran-
sition to 79 GHz is called a packaged solution, to make an early con-
tribution to the enhancement of road safety possible and to allow time
for the development of the 79-GHz technology, which is not yet mature
for SRR sensors. The current state and prospect of frequency band us-
age in automotive radar can be generalized, as presented in Table 10.2.
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Hence, currently operating bands are 76-GHz NB, 77-81-GHz UWB, 47-
GHz NB (U.S.), 24-GHz NB (200-MHz bandwidth), and 24-GHz UWB (3-
GHz bandwidth). Additionally, baseband impulse UWB radars with band-
width B < 10 GHz can be used, and 152 GHz is suggested for future
research [79].

10.5.3 Traffic Surveillance Radar

Road transport and traffic telematics (RTTT) radars are used as sensors in
surveillance systems. Traffic surveillance technologies play an essential role
in incident detection, traffic management, and travel time collection. There
are two basic types of traffic surveillance systems: road based and vehicle
based [80]. Road-based detection systems can be intrusive or nonintrusive.
Traditional intrusive sensors include inductive loops, magnetometers, and
other devices that are installed directly on the pavement surface or in the
road surface.

Comparatively new, nonintrusive aboveground sensors can be mounted
above the lane of traffic they are monitoring or on the side of a roadway
where they can view multiple lanes of traffic at angles perpendicular to or
at an oblique angle to the flow direction. The technologies currently used in
aboveground sensors are video image processing, millimeter-wave radar,
laser radar, passive infrared, ultrasonic, passive acoustic array, and com-
binations of sensor technologies. Like the subsurface sensors, the above-
ground sensors measure vehicle count, presence, and passage. However,
they can additionally provide vehicle speed, vehicle classification, and
multiple-lane, multiple-detection zone coverage [81].

Roadside-mounted millimeter-wave radar transmits energy toward an
area of the roadway from an overhead antenna. The beamwidth of millimeter-
wave radar can be rather narrow (Section 10.3.5); that is, an area in which
the millimeter-wave radar energy is transmitted in short distance can be de-
signed in accordance with the lane width. When a vehicle passes through
the antenna beam, a portion of the transmitted energy is reflected back
toward the antenna. The energy then enters a receiver where the detection
is made, and vehicle data, such as volume, speed, occupancy, and length,
are calculated by signal processing. Two types of radar sensors are used
in roadside applications: continuous-wave (CW) nonmodulated Doppler
radar and CW frequency modulated (FMCW) radar. The traffic data they
receive is dependent on the shape of the transmitted waveform. A gener-
alized diagram of a CW radar sensor is shown in Figure 10.6.

The CW nonmodulated sensor transmits a signal that is constant in fre-
quency with respect to time. According to the Doppler principle, the motion
of a vehicle in the detection zone causes a Doppler shift, which is extracted
from the beat frequency at the output of the mixer and can be used to de-
tect moving vehicles and determine their speed. Such CW Doppler radar is
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Figure 10.6 A CW radar generalized diagram.

also used to implement the speed enforcement function. CW systems mea-
sure the instantaneous range rate and maintain continuous contact with
the target. That is why they can be used in tracking by speed systems.
However, CW Doppler sensors that do not incorporate an auxiliary range
measuring capability cannot detect motionless vehicles. Range measuring
capability can be implemented in FMCW radar. The principle of FMCW
radar has been described in many books [30]. The simplest way to modu-
late the wave is to linearly increase the frequency during one half period of
modulation, Ty, and then decrease it back during the second half period.
It is illustrated in Figure 10.7 (upper graph), where the solid line is the fre-
quency of the transmitted waveform and the dashed line is the frequency
of the received signal reflected from an immovable object. The lower graph
in Figure 10.7 shows beat frequency, which depends on delay time and,
thus, on the range of the object. When a moving car is the target, the beat
frequency depends also on car speed, as illustrated in Figure 10.8, where
beat frequency during the positive (up) and negative (down) portions of
the slope, are denoted, respectively, as f,, (Doppler shift is added) and /4
(Doppler shift is subtracted) [35].
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Figure 10.7 Frequency—-time dependence and beat signal for a motionless target.



342 m Millimeter Wave Technology in Wireless PAN, LAN, and MAN

Frequency
» .t
N I/|\\
4 | S 11 ! \\
701 \\ /II | N
Vi I| h N 7/ N\
7 N 4 11 | AN R
’ o N 4 I \ ’
V3 o N 4 | N V:
/ | N 4 Iy N ’
e 0o e o s
K o N L ’
T T Y Tt +
ty 1 T | [ .
:I | | :, I: | Time
o ol :| I
o ol o
Beat o ! H |
frequency : : : : : : I :
o ! :: |
o ol o
f o ! o
bd V4 N 1! i
1/ 1 \y/ |
Jou s

Time

Figure 10.8 Frequency-time dependence and beat signal for a moving target.

Both range information and velocity information may be extracted from
such a beat signal by signal processing in each range. As was shown in Sec-
tions 10.3.5 and 10.3.6, radar range resolution is defined by the spectrum
width of the radiated waveform. In the case of FMCW radar, the spectrum
width, B, directly depends on the frequency deviation, fy.,, and the po-
tential range resolution is approximately AR = ¢/2 fe,.

One can easily calculate that, for NB 24-GHz radar with B = 200 MHz,
the potential range resolution, AR, is about 75 cm. It can be much higher in
the case of, say, 76-GHz millimeter-wave radar. A range bin size is normally
close to AR and less than the antenna beam footprint. Thus the forward-
looking surveillance FMCW radar can measure vehicle speed in a single
lane using a range-binning technique that divides the FOV in the direction
of vehicle travel into range bins, as shown in Figure 10.9.

MMW radars over the road Range bins

toet | P~ AL B>
Lane 2 e~ —~—— <--, Direction of

traffic flow
F .
Lane 3 S——— <--, ofoozorfferrll’:l;
b d —i

Figure 10.9 Range-binned footprints of radar sensors in traffic lanes [81].
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A range bin technique allows the reflected signal to be partitioned and
identified from smaller regions on the roadway. Vehicle speed, V, is calcu-
lated as V = d/At, where d is the known distance between leading edges
of two range bins and At is the difference between points of time when a
vehicle passes through these range bins.

Another promising development of millimeter-wave radar for intelligent
infrastructure has been reported [82] where a radar sensor for an advanced
cruise-assist highway system is proposed. This radar uses WB pseudo-
noise-modulated signal in millimeter-wave radar. The radar prototype is
built at the central frequency of 76.5 GHz. As was shown in Section 10.3,
WB and noise signal provide better potential performances in comparison
with traditional NB, in particular, an FMCW signal.

Along with road-based surveillance, recent advances in vehicle sen-
sors and detection algorithms open the opportunity to implement or en-
hance vehicle-based surveillance systems. Vehicle-based traffic surveillance
systems [80] involve probe vehicles equipped with tracking devices, such
as transponders, that allow the vehicles to be tracked by a central com-
puter facility. Such systems are rather promising. They can be used to de-
tect incidents, provide rich data on travel times, and estimate flows and
origin—destination patterns. These vehicle-based technologies are built on
secondary radar principles close to those used in air traffic control radar
beacon systems.

Another purpose of vehicle transponders is for automatic vehicle iden-
tification (AVD) or radio frequency identification (RFID). Such transponders
[83] are essential to any electronic toll collection function; AVI tags have
become increasingly sophisticated and intelligent.

10.5.4 Automotive Radar

A simple but suitable parameter to technically distinguish radars is the
maximum range. Along with traditional distinguishing SRR and LRR, the
medium-range automotive radar (MRR) has been introduced [75,84]. There-
fore, we distinguish the following radar categories: LRR, with a maximum
range of 150 m; MRR, with a maximum range of 40 m; and SRR, with a
maximum range of 15 m. Their applications for the automotive functions
listed in Section 10.5.1 are given in Table 10.3, where FSK means frequency
shift keying. The content of this table is completely taken from Mende and
Rohling [75], however, it is supplemented in the last and the next-to-last
columns by additional suitable frequency bands and radar principles. It
should be mentioned that possible functions are not limited by those listed
here. For example, pedestrian detection, overtake support, rear collision
warning, lane keeping, and other functions are quite expedient and possi-
ble technically to be implemented.
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Figure 10.10 Layout of antenna patterns along the perimeter of the car to imple-
ment different functions.

Certainly, each radar sensor may be used as a multifunctional device,
which can reasonably reduce the cost. An example of layout of schematic
antenna patterns to realize a number of automotive radar functions is given
in Figure 10.10.

10.5.5 Long-Range Radar

Conventionally, LRR delivers a target list with distance, angular position,
relative speed, and reflectivity of significant objects within typical cycle
times of 50 ms.

The size of a target can be smaller or bigger than the spatial resolution
of the radar. Naturally, high-resolution radar is preferable because vehicles
appear as laterally and longitudinally extended objects, which opens an
additional possibility of target recognition. Normally, LRR maximum range
is 150 m (ACC application) and MRR can be 1-1.5 m. LRR is typically imple-
mented at 76.5 GHz center frequency (1 GHz bandwidth available), which
generally corresponds to ETSI and FCC specifications. LRRs of 24 GHz have
also been developed [85] and are in use. LRR has a limited FOV. Coverage
in azimuth is typically 12° (up to 20°) and 6° in elevation. Range resolution
is 1-5 m in different models, with a speed interval of 250-500 km/h. In
some cases the maximum range can be increased to 200 m, but the higher
the range, the bigger the problem of target-lane association. LRR can be
applied as a single unit.

LRR can be built on different radar principles, such as FMCW radar,
CW radar with FSK, or pulse Doppler radar. Noise modulation can also be
considered.
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An FSK CW LLR is described by Takezaki et al. [86]. This radar unit
employs an MMIC for the high-frequency module that transmits and re-
ceives 76-GHz band radio waves. The MMIC chipset consists of four chips:
a voltage-controlled oscillator, a power amplifier, and two receivers. These
chips are integrated in a monolithic RF module combined with an integrated
flat antenna. The RF module and signal processing board are integrated in
the same housing to achieve a small, lightweight radar unit. This radar unit
employs two-frequency CW radar modulation, in which an FSK signal is
transmitted and the relative speed of objects is measured from the Doppler
frequency and the distance to the objects is measured from the phase of
the reflected signals. For azimuth angle measurement, the monopulse tech-
nique (Section 10.3.9) is used, in which the signals reflected from the vehicle
are received by two antennas and the direction of the vehicle is determined
from the amplitude ratio of those two received signals.

A pulse Doppler LRR is discussed in Schneider and Wenger [87]. This
radar is designed to provide imaging of vehicle underbodies and detection
of hidden objects via reflections from the road surface. That requires higher
sensitivity with respect to a conventional ACC radar sensor. An increased
target dynamic of 50 dB was assumed. Together with the dynamic due to
propagation attenuation in the 5-150 m range of 60 dB, an overall require-
ment for the system dynamic results, which is difficult to be handled by
a CW system. Hence pulsed waveform was chosen for this imaging radar
system design because of its robustness against saturation.

At a center frequency of 76.5 GHz, the FOV in azimuth is £10°, the
azimuth beam width is 1.0°, the elevation beam width is 5.0°, the real
range resolution is 1 m, and the velocity resolution is 1 km/h.

The central component of the system is an embedded PC performing
system control and radar image composition. Its main periphery is formed
by timing and control electronics, an IF processor module for converting
the IF signal from the receiver module into baseband I/Q (inphase and
quadrature) signals and digitization, a digital signal processor performing
the Doppler FFTs (Fast Fourier Transforms) and other preprocessing, and
a number of common devices.

A ferrite circulator for the transmit and receive duplex is mounted to-
gether with a receive low-noise amplifier directly at the antenna and con-
nects to the transmit and receive modules. The transmit signal is generated
in a phase-locked dielectric resonator oscillator (DRO) at 19.125 GHz, pulse
gated in a two-stage PIN modulator, and multiplied to 76.5 GHz in an active
quadrupler with an output power of about 16 dBm. The minimum pulse
length is 3.5 ns. The key component in the transmit module is a biased,
balanced fundamental mixer. It converts to an IF signal of 3 GHz, which is
led to the base system on a high power level in order to minimize inter-
ference in the long transmission line. The system is connected to the radar
control PC via Ethernet LAN.
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A 76-77 GHz pulse Doppler radar module for LRR with a three-beam
antenna is described by Gresham et al. [88].

An FMCW LRR is the most typical in automotive applications. The FMCW
principle was considered in Section 10.5.3. As a way to keep the hardware
and architecture relatively simple, the peak power down, and at the same
time achieve robust performance, an FMCW approach is frequently used
as opposed to a more sophisticated pulse Doppler implementation [54]. A
radar of this type has a relatively low peak power output and can meet the
range and velocity resolution requirements if a sufficiently large frequency
deviation is used. Such radar sensors are often developed as multibeam
antenna systems with sequential lobing technique [75] or with monopulse
technique [85].

10.5.6 Medium-Range Radar

This category of radar introduced by Mende and Rohling [75] can fill the
gap between SRR and LRR regarding maximum range. They cover a range
from 0.5 m to 70 m and a speed interval of =500 km/h (closing) to +250
km/h (opening) [84]. The minimum range is usually less than 0.6-1 m.
They can be implemented as a radar network of distributed MRRs and a
central processing unit. But single-sensor operation is also possible and
is preferred in many cases for cost reasons. Measuring range, angle, and
relative radial velocity in multitarget scenarios at one time, they are capable
of handling highly dynamic situations. For direct angular measurement,
either sequential lobing or monopulse techniques may be applied.

As an example, the universal medium-range radar (UMRR) [84] can be
considered. The UMRR frequency band is 24 GHz. The UMRR has mul-
timode capability and may be switched between UWB pulse operational
mode and FMCW NB mode within one measurement cycle. In NB FMCW
mode, UMRR performances correspond to typical MRR requirements: min.
range, 0.75 m; max. range, 60 m; velocity interval, <69.4 £+ 69.4 m/s. UMRR
uses a combination of FSK and LFM (linear frequency modulation) wave-
form design principles [89]. It also has a flexible bandwidth by operating in
modes of NB operation and a 1-500 MHz maximum modulation bandwidth.
Such a universal and flexible device can be used in different configurations,
improving the functionality of automotive radar.

10.5.7 Short-Range Radar

The requirements of SRR are short range but wide FOV and high accuracy.
Typically, such radar should detect targets in the range 0.2-30 m, with an
azimuth FOV of about 100°, and a maximum velocity of more than 240
kmh. SRR sensors were first developed in the 24-GHz band. More recent
development in Europe has been fulfilled in the 79-GHz band. In many
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cases, SSRs are designed as UWB pulse radars (B = 3 GHz). In this case,
target velocity is estimated from the range rate. However, FMCW technique
is also applicable.

It is difficult and expensive to design quick scanning in the FOV to
measure azimuth position of targets. Another way could be in principle
using very narrow antenna beams per sensor and multiple sensors around
the car. However, the cost of such a system grows by the number of sensors
and by the number of antenna beams per sensor.

That is why the multistatic principle for automotive radar networks was
developed [90]. That was a brilliant idea to provide accurate angle mea-
surements with a number of cheap radar sensors, which have no angle
resolution at all but can measure target range and target velocity with high
accuracy. The simplest technique consists in using a linear array of several
sensors, spaced along the bumper, each having up to 60° beamwidth. Each
sensor measures the range to the target with high accuracy, and the ranges
are different for each sensor in the general case. From these measured re-
sults it is possible to estimate an angular position of the target. The real
situation may be complicated because of multiple and extended targets in
the FOV. Position reconstruction of a large target based on triangulation
is not accurate enough because the different sensors detect different parts
of the same target. Moreover, the range-velocity estimation should be pro-
vided. The multilateration procedure, which is used to solve this problem,
has been described in detail [91,92]. It is a real technical challenge to han-
dle the large number of detections in the data association and tracking as
well as in the range, velocity, and angle parameter estimation.

Let us consider the signal processing procedure of four FMCW radar sen-
sors as described by Rohling and Folster [91]. For data acquisition, a wave-
form is used that consists of four individual chirp signals (Figure 10.11). The
waveform parameters are center frequency, 77 GHz; number of chirps, 4;
single chirp duration, 2 ms; first sweep bandwidth, 1 GHz; second sweep
bandwidth, 500 MHz.

Figure 10.11  Four-chirp FMCW waveform and the receive signal for a single-target
situation.
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Four individual chirps provide a sufficient redundancy in multitarget or
extended target situations to suppress ghost targets in the range—velocity
processing. For each individual chirp signal, the beat frequencies, dfi, ...
dfi1, shown in Figure 10.11, will be estimated at each individual radar sensor
by applying an FFT, respectively. A single-target detection with range 7, and
velocity vg leads to a deterministic beat frequency for each chirp signal of
the waveform. This beat frequency is related to target range and velocity by
the linear equation fcs = acrs+bcvs, where parameters dc and be depend
on chirp duration, bandwidth, and carrier frequency. Based on the four
beat frequencies measured by a single sensor, the point target range and
velocity can be derived simultaneously by an intersection process. In this
case and in a single-point target situation, the four measured frequencies are
transformed into target range and velocity, unambiguously. But in multiple
or even extended target situations, this range velocity calculation could lead
to some ghost targets.

Each sensor of the radar network has an individual position behind
the front bumper. Therefore, each sensor will calculate individual values
for target range and velocity based on the four measured beat frequencies
inside the FMCW waveform. Thus, a set of linear equations can be derived
that describes the relationship between 16 measured beat frequencies and
sensor-specific target range and velocity parameter (two physical quantities,
r and v, multiplied by four chirps and four sensors).

In multi-target situations the association of the detected beat frequencies
at the FFT output to different targets is not trivial. Therefore, a data associ-
ation process has to be performed using the redundancy given by the four
chirp signals inside a single waveform. The radar network signal process-
ing described by Rohling and Folster [91] calculates the azimuth angle (or
target position in Cartesian coordinates) of each target in multiple or even
extended target situations based on the precise range measurement of each
radar sensor. Furthermore, the tracking procedure is part of the network
processing. In different configurations of the system, two to six SRRs may
be used in such a network. The features of sensor design and its application
to automotive problems are considered in Rickett and Manor [93].

10.5.8 Adaptive Cruise Control System

Unlike conventional cruise control, ACC can automatically adjust speed
to maintain a proper distance between vehicles in the same lane. This
is achieved through a forward-looking millimeter-wave LRR sensor, digi-
tal signal processor, and longitudinal controller. Jaguar and Mercedes first
introduced 76-GHz automotive radar to provide ACC in 1999, operating
throttle and brakes to maintain headway. Jaguar used FMCW LRR with a
mechanical scanned antenna, and Mercedes applied pulse Doppler LRR
with a quasi-optic antenna [79].
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The latest innovations in automotive radar systems are based on the
positive experiences with the LRR-based ACC function.

10.5.9 Road Departure Warning System

In 2001 the project of the road departure warning system was tested in
field operational research. The project defines and evaluates a system that
warns drivers when they are about to drift off the road and crash into an
obstacle, as well as when they are traveling too fast for an upcoming curve.
Technologies include a vision- and radar-based lateral drift warning system
and a map-based curve speed warning system [83]. The system is based
on the information about the current situation obtained by two forward-
looking LRR and two side-looking SRRs. The technology also includes a
camera-based lane detection and map-based curve speed warning system
using GPS data. More details see UMTRI [94]. Forward- and side-looking
radar systems detect the presence of any obstacles on the shoulder (such
as parked cars) or the roadside (such as poles or guardrails).

Another approach [95] is based on lane position sensing using a special
selective stripe detected by radar. The radar sensor measures lateral po-
sition by sensing backscattered energy from a frequency-selective surface
constructed as lane striping and mounted in the center of the lane.

10.5.10 Blind Spot Monitoring and Lane Change
Control System

A lane change assistant should help to increase safety when drivers change
lanes. Such a system needs two SRRs looking at the blind spots; that is,
laterad and a little back to the adjacent lanes. An example of a lane change
assistance system is described by Valco Raytheon [96]. Tt consists of two
24-GHz radar sensors joined to a control box and two LED warning in-
dicators mounted in the side rear-view mirrors. The sensors continuously
monitor the presence, direction, and velocity of vehicles in the roadway
lanes adjacent to the protected vehicle. The radar image sensors create
a digital picture of the traveling environment. The digital information is
processed by a central control module. When vehicles, motorcyclists, or
bicyclists move into a blind spot of the protected automobile, the central
control box alerts the driver by lighting the warning indicators in the side
rear-view mirrors. The system range extends to 40 m, with a 150° broad
FOV. The radar is a multibeam system operating in a narrow bandwidth.
Using several beams to recognize objects in the blind spot allows for high
accuracy in determining the position and distance of the object as well as
its relative speed.

The second example [83] is the Visteon system, which is a close-in blind
spot monitor, covering a detection range of 6 m.
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Another example of a blind spot detection sensor is a UMRR [89] op-
timized for short-range detection, which implements detection algorithms,
tracking, object-to-lane mapping, and a warning algorithm (illuminating
warning LEDs). This blind spot monitoring system’s range is 0.3-8 m. A
sensor operates in a speed interval from 7 to 250 km/h. For the sensor
fusion case, it is reasonable to combine the two blind spot sensors with a
third medium-range (70 m) or long-range (120 m) sensor. Additional appli-
cations of a blind spot detector may be (1) warn to open door when object
approaches, and (2) side/rear precrash or presafe applications.

10.5.11 Obstacle Detection

LRR, MRR, and SRR can be used as sensors for obstacle detection. Object
classification can also be performed on the basis of radar data. Probabilities
of true and erroneous classification using a millimeter-wave radar system
are presented in Kruse et al. [97].

10.5.12 Radar-Based Communications

Air traffic control surveillance systems widely use secondary radar technol-
ogy to get more precise and comprehensive information and data exchange.
A similar technology adapted for motor transport needs may be established
in the framework of ITS. It can be considered as radar-based communica-
tions. This kind of data exchange can be used for both the vehicle-vehicle
and vehicle—infrastructure communications arena.

Two aspects of radar-based communications in millimeter waves related
to intelligent infrastructure were considered in Section 10.5.3. Now we add
some other possibilities that may be important for an intelligent vehicle
system.

One concept is communication using a read—write RF tag. This idea is
similar to the radio frequency ID that has become more and more important
nowadays. An RF tag can be activated when illuminated by standard vehicle
77-GHz radar. The return signal carries additional coded information. In this
case the automotive millimeter-wave radar receives not only reflections but
digital data. After signal detection, useful information is extracted and used
to improve safety. For example, an RF tag placed on a bridge footing in
a complex highway environment can provide key data as to the size of
this potential obstacle, thus enabling the vehicle system to better interpret
the situation. Every vehicle may also be provided with an individual RF
tag, creating a very robust and cost-effective secondary radar system. For
example, stationary and moving targets can be distinctly identified by the
data encrypted into the tag, which actually is a kind of transponder.

Such an interrogator—transponder system can be applied to establish
car-to-car communications based on the secondary radar principle.
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Another possibility relates to direct-use millimeter-wave radar for com-
munications. A car-to-car communications operation together with milli-
meter-wave radar systems can combine the data from different vehicles,
allowing observation of the complete car environment. An improvement
can be achieved if one car has access to the sensor information of the
preceding and following cars. The potential use of the millimeter-wave
radar spectrum for communication needs is analyzed by Winkler et al.
[98]. The developed system consists of a pulse radar and a communica-
tion transceiver with 4 Mb/s. The main lobe of the pulse radar waveform
spectrum occupies a bandwidth of 250 MHz. The frequency band of the
transceiver, which is small compared to the pulse spectrum, is placed at
the first side-lobe of the pulse spectrum. The pulse radar is designed to
allow simultaneous sensing over a range of nearly 40 m, and the commu-
nication link has a maximum range of 200 m. The feasibility of the con-
cept and its superior dynamic range has been shown [98] in case PN-code
is used for ranging and data transmission. A configurable RISC processor,
consisting of FPGA (field-programmable gate array) logic resources, is con-
nected to the radar and the transceiver. It sets operation parameters and
addresses a LAN chip for data exchange between the system and a PC over
Ethernet.

More details on wireless LAN application to car-to-car communications
are provided by Zlocki and Zambou [99].

10.5.13 Radar-Based Automatic Road Transportation System

The availability of high-resolution millimeter-wave radar sensors, secondary
radar systems, and radar-based communications along with modern tech-
nologies creates more possibilities to improve ITS. Kramer [100] presents
an idea of a fully automatic road transportation system and proposes the
system’s architecture. The concept of this hypothetical system includes a
network of short-range, high-resolution millimeter-wave radar sensors that
monitors traffic space; a network of sensors, some in the vehicles, that reg-
isters road conditions and traction parameters; and a computer network
that receives information from the two sensor systems and the road users
and generates guidance commands.

The system could use special navigation signals in addition to the radar
signals, similarly to GPS. The in-vehicle precision navigation system may
transmit the vehicle’s position, velocities, turn rates, and so on to the cen-
tral guidance system. This would substantially reduce the tasks for the fixed
installation radars, which would then only detect and observe noncooper-
ative road users and random obstacles. Noncooperative road users and
pedestrians might also carry responders that communicate with the central
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guidance system. Because of the low signal powers involved, the respon-
ders could even be integrated in wristwatches.

During the conversion to an exclusively automatic road transportation
system, vehicles might have transceivers that communicate with the cen-
tral guidance system. The reception of guidance information would allow
for participation in optimum traffic management. The realization of the
automatic transportation system should start with a small prototype to suc-
cessively refine the definition of sensor requirements and the algorithms
for the central guidance system.

10.5.14 Automatic Driving

Future vehicles will fuse data from the millimeter-wave radar sensors (up
to 12 per vehicle) with vision, navigation, communications, and vehicle
dynamics to provide safety and convenience. The dataware level of such a
vehicle approaches to what is enough to dramatically unload the driver.

Automatic driving systems are actually under development; for exam-
ple, AutoDrive [101]. AutoDrive is a system for automatic driving of cars and
commercial vehicles on highways. It uses GPS positioning, radars, interve-
hicle signaling, and wireless Internet to aid driving, which is mainly those
electronic facilities considered above. AutoDrive is a completely automated
highway driving system. By 2030, all major interstates in the United States
are expected to support AutoDrive lanes [101] with completely automated
car and commercial vehicle driving. Any car updated for AutoDrive will be
able to enter these lanes and enjoy speed limits of around 130 mph.

Such a system will use GPS to accurately locate the vehicle’s position
on the map and then steer the car according to the path specified by the
map. Intervehicle signaling (IVS) will be used to keep track of neighboring
vehicles, detecting speed changes and responding to lane change requests
from other vehicles. The radar feed will be used to identify objects in the
vicinity of the car. The main objective of the radar in AutoDrive will be
to detect nonvehicle objects that might be present on the highway. The
precision radar will detect objects that are more than 3 cm in height.

Map updates can be obtained over a wireless Internet connection. Most
map updates are obtained at the time of trip start. The maps are extremely
detailed and store information about the different lanes with an accuracy
of £1 cm.

Weather feed is used to adjust driving parameters according to the cur-
rent weather conditions. Construction and road closure detection is imple-
mented using IVS. An IVS transmitter is placed in a closed lane. Vehicles
receive the IVS signal from the transmitter and decide to change lanes. Fully
automated driving can be considered as an ultimate level of ITS develop-
ment.
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10.6 Remote Sensing Applications

10.6.1 Cloud Radar
10.6.1.1 Introductory Notes

Applications of millimeter-wave radar to study clouds and precipitation are
known from the 1950s, but early in the development of millimeter-wave
meteorological observations they were limited to backscatter power mea-
surements mainly because of hardware problems. As early as 1966 weather
radar MRL-1 (Oblako) was produced and then widely used for weather
observations in the Soviet Union. It was two-channel incoherent radar with
wavelength A = 32 mm in one of the channels and A = 8 mm in the second
one. However, the weather forecasters underestimated the millimeter-wave
channel at that time. It did not seem to be a highly effective instrument for
practical needs due to little range in comparison with the 3-cm channel
and lack of developed observation techniques and data interpretation. This
situation changed completely during the last two decades. Millimeter-wave
Doppler radars are considered now as an actual instrument for permanent
monitoring of the atmosphere and investigation of clouds and precipitation.

As distinct from ITS applications, weather radars are comparatively long-
range sensors. That is why a majority of millimeter-wave weather radars are
designed to operate in the relatively transparent window regions, mainly
about 34-36 and 93-95 GHz. Nevertheless, water vapor substantially at-
tenuates millimeter waves in the troposphere, which is a disadvantage,
of course, but can also be used to derive some useful information about
clouds and precipitation. Scatterers include nonprecipitating cloud water
and ice-phase precipitation, insects, and seeds.

Weather objects are volume distributed targets. High spatial resolution
of millimeter-wave radar turns it into a rather fine instrument for cloud
structure investigation.

Nowadays a number of scientific and industrial institutions all over the
world perform research in the field of remote sensing of troposphere with
millimeter-wave radars, design and produce new radars, and develop new
techniques for cloud observation and algorithms for signal and data pro-
cessing.

This is a separate, important, and very wide area of knowledge. Here
we will just touch on some features of millimeter-wave radar applications
in the field of meteorology.

10.6.1.2  Features, Methods, and Advantages

The phenomenon of electromagnetic wave scattering on hydrometeors
forms the basis for weather observations and measurements with the help
of millimeter-wave radar. As was considered in Section 10.2, in case size r
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of the hydrometeor is small comparatively to wavelength A (Rayleigh case),
an RCS (and reflected power) is proportional to 7°/A%. This is valid in the
millimeter-wave band for cloud droplets but, in the case of larger raindrops,
especially in the short-wave part of the millimeter-wave band (95 GHz),
resonance phenomena can play an essential role. A high sensitivity of
millimeter-wave weather radar results from this RCS proportionality to 1/A%.

Dual-wavelength radar (microwaves plus millimeter waves) allows mea-
suring attenuation of radar signal and improving estimation of rain rate or
cloud water content. Inasmuch as in the millimeter waves band A may be
comparable with 7, the scattering law appreciably differs from the Rayleigh
case, and by knowing frequency-dependent wave attenuation (see Sec-
tion 10.2) one can estimate raindrop size distribution from measured data
at different wavelengths. An example of retrieving cloud and rain param-
eters from dual-wavelength measurements at the Ka-band and W-band is
provided by Bezvesilniy and Vavriv [102].

Real hydrometeors in many cases are not spherical. For example, rain-
drops are normally oblate, and they are more oblate if they are larger; cloud
droplets are mostly spherical; and ice particles are complicated in shape.
The polarization properties of a radar signal at scattering on nonspherical
hydrometeors depend on the shapes of the scatterers and the mutual orien-
tation of scatterers and radar beam. That is why application of polarimetric
measurements opens up possibilities to recognize hydrometeor shapes and
hence their aggregative state.

Hydrometeor movement cases Doppler shift. This results in change of
Doppler spectrum of the returns from a radar resolution volume. Measure-
ments of spectrum parameters give possibility to study microstructure and
dynamic processes in the atmosphere.

The physical basis for detecting different weather phenomena and mea-
suring meteorological variables is a relationship of echo-signal parame-
ters with the peculiarities of microstructure and the dynamics of scatterers
(droplets, ice crystals, snowflakes, etc.) within a resolution volume or an
aggregate of resolution volumes. In operational observations and research
works, the following types of radars are used:

B Incoherent: conventional pulse radar

B Coherent: pulse-Doppler radar, FMCW radar, or CW with other mod-
ulation formats

B Polarimetric: application of polarization diversity on the basis of a
conventional pulse radar

B Doppler-polarimetric: coherent radar with application of polariza-
tion diversity for measurements

Incoherent radar measures just the power parameters of reflected signals
that are related with weather object reflectivity.
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Coherent radar measures parameters of Doppler spectra. Theory fun-
damentals describing relations between detected signal and features of
scatterer movement as well as the sounding techniques by ground-based
weather radar were developed already in the 1960s. At that time it was
important that Doppler spectrum width could be estimated by means of
special signal processing with incoherent radar for the narrower Doppler
frequency dynamic range.

The instruments for remote sensing of the atmosphere that were devel-
oped on the basis of incoherent radar and pulse Doppler radar are widely
used in radar meteorology and operational weather observation for detec-
tion and measuring of winds, storms, turbulence, and related phenomena
[103].

Polarimetric radars measure relative polarimetric parameters of reflected
signal, such as differential reflectivity (a ratio of reflectivity values at the
alternatively polarized radar signals; for example, at horizontally and verti-
cally polarized electromagnetic waves), linear depolarization ratio (a ratio
of a cross-polarized component of reflected signal by a copolarized one),
correlation between reflections at orthogonal polarizations, and specific dif-
ferential phase (a difference between propagation constants for horizontally
and vertically polarized electromagnetic waves per unit of range).

Doppler-polarimetric radars simultaneously use spectral and polarimet-
ric characteristics [104]. It can be not only a simple combination of Doppler
and polarimetric parameters but also new integrated characteristics, such
as a curve of the spectral differential reflectivity and its slope parameter,
differential Doppler velocity, and others [105]. Fully polarimetric Doppler
radars are able to enhance dramatically information possibilities of the re-
mote sensing of the atmosphere.

Application of sophisticated Doppler-polarimetric techniques in high-
resolution millimeter-wave radars is made possible by the great advances in
digital signal processing technology and the significant increase in the role
of software in modern radar system design, which has resulted in single-
chip processors and special-purpose IC that can simultaneously execute
algorithms to compute all necessary quantities in real time. The develop-
ment of solid-state millimeter-wave componentry, high-power oscillators
and amplifiers (Section 10.4) hastened the evolution of reliable and stable
radars, which have become extremely useful instruments for ground-based,
airborne, and even spaceborne remote sensing of clouds and precipitation.
The 35-GHz frequency band is considered now as the most suitable band
for performing observation with the help of ground-based millimeter-wave
radar, whereas the 95-GHz band has obvious advantages for developing
airborne and spaceborne tools for meteorological observations though it
is not a rule. The usefulness of millimeter-wave radar does not mean that
weather radars of other frequency bands (S, C, and X bands) are not impor-
tant anymore. They have their own advantages. However, millimeter-wave
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radar systems with high sensitivity and resolution are required to research
even rather weak and thin cloud layers.

10.6.1.3 Examples of Systems and Applications

Built using modern reliable technology, millimeter-wave radar systems are
capable for long-term, unattainable operation and real-time, accurate mea-
surements of various cloud and precipitation characteristics. Such radars
should include a reliable system of permanent calibration, a possibility
of remote control, diagnostics, and access to radar data via a network.
The millimeter-wave cloud radars developed and produced at the Insti-
tute of Radio Astronomy in the Ukraine satisfy these requirements to a
great extent [51]. They use the spatial-harmonic magnetron with the cold
secondary-emission cathodes described in Section 10.4. The application of
the magnetron in weather radar has predetermined the development of
a coherent on-receive technique for the implementation of Doppler spec-
trum measurements. This technique proposes memorizing in some way the
values of the phase of the RF pulses emitted by a transmitter and compar-
ing these values with those measured by a receiver. The recent advances
in microprocessor technique and digital signal processing have enabled
[51] the memorization and comparison procedures in digital form. This has
resulted in accurate measurements of Doppler spectrum and its moments
with performance similar to those offered by truly coherent radar systems.

Pulsed Doppler radar from the University of Massachusetts, Amherst, is
described by Bluestein and Pazmany [106]. It is a 3-mm-wavelength mo-
bile Doppler radar system mounted in a Ford 350 Crewcab pickup truck.
A 1.2-m Cassegrain dish antenna has a half-power beamwidth of 0.18° and
provides azimuthal resolution of just under 10 m in the 3-km range. The ra-
dial resolution is 15 m at all ranges. The radar transmitter is designed with a
multiplier chain. It has an operating frequency of 95.04 GHz. It was success-
fully used for tornado observations [100] and for fine-scale observations of
dynamic phenomena via a pseudo-multiple-Doppler radar processing tech-
nique to decompose radial velocity vectors into the individual components
of motion [107].

A low-power solid-state W-band FMCW radar system for airborne mea-
surements of clouds and precipitation is presented by Mead et al. [108]. A
millimeter-wave I/Q homodyne detector is used in this radar instead of a
simple mixer.

Different compact millimeter-wave radar for airborne studies of clouds
and precipitation, this time a pulsed solid-state radar with fully coher-
ent transmitter and receiver is described by Bambha et al. [109]. Another
example is the Wyoming cloud radar (WCR), which is an observational
system of 95 GHz for the study of cloud structure and composition. It is
installed on the Wyoming KingAir airplane. WCR provides high-resolution
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measurements of reflectivity, velocity, and polarization fields. Depending
on the antenna configuration used, the scanned plane from the KingAir can
be vertical or horizontal, and with two antennas, dual-Doppler analysis is
possible [110].

Spaceborne applications of millimeter-wave radar were discussed pre-
viously in some papers, especially the use of satellite-based 95-GHz radars
for measuring the vertical distribution of clouds [104]. Now millimeter-wave
weather radar has been used already for cloud observation from space.
CloudSat was launched April 28, 2006. The main CloudSat instrument is
a 94-GHz cloud profiling radar (CPR) [111]. CloudSat uses this advanced
radar to slice through clouds to see their vertical structure, providing a
completely new observational capability from space. Earlier satellites could
image only the uppermost layers of clouds. Thanks to millimeter-wave
CPR, CloudSat is among the first satellites to study clouds on a global ba-
sis. It looks at their structure, composition, and effects. CloudSat measure-
ments have applications in air quality, weather models, water management,
aviation safety, and disaster management. However, low-power solid-state
scanning millimeter-wave radar systems cannot provide the necessary sen-
sitivity to detect low-reflectivity cloud particles, especially at longer ranges
from space. That is why new high-power electronic scanning millimeter-
wave radar is proposed by Remote Sensing Solutions, Inc. [112] on NASA
demand. It is expected that this system will lead to future generations of
large-aperture spaceborne electronic scanning radars.

Another millimeter-wave application to atmospheric remote sensing is
a kind of passive radar—millimeter-wave radiometry. This can be realized
from both a ground-based platform and spaceborne apparatus.

Taking into account different scattering mechanisms, various combina-
tions of instruments may give promising results at tropospheric observa-
tions. An example is the 4-D-Cloud Project, which makes intensive use of
dual-wavelength (35/95 GHz) radar together with radiometry, namely the
22-frequency radiometer MICCY [113].

Another good example of different observation tools with joint appli-
cation is the international CloudNet project, which aims to provide a sys-
tematic evaluation of clouds in forecast and climate models by comparing
the model output with continuous ground-based observations of the verti-
cal profiles of cloud properties. CloudNET is a research project supported
by the European Commission [114]. Three experimental sites called cloud
observing stations (COSs) have been arranged in Chilbolton (UK), Sirta
(France), and Cabauw (The Netherlands) where different instruments from
a number of institutions of European countries were collected. Every COS
is equipped with millimeter-wave radars and radiometers (94-GHz Doppler
cloud radar, 35-GHz cloud radar, 24/37-GHz radiometer, 22-channel MICCY
radiometer) and also microwave radars of different frequency bands, lidars,
and other tools including standard meteorological instruments, rain gauges,
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and disdrometers. This project brings significant results in different aspects
of the remote sensing of troposphere and its applications [115].

In this chapter it is impossible even to list all known projects or the corre-
sponding institutions that are doing research in the field of millimeter-wave
weather radar in different countries. This overview of millimeter-wave me-
teorological radar does not provide comprehensive and deep knowledge
on the topic, but it is quite sufficient in order to understand that this is
one of the promising applications of millimeter-wave technology that are
nowadays under quick development.

It is worthy also to note that millimeter-wave weather radars may be
useful for observations of other objects in the atmosphere besides meteo-
rological objects and phenomena [116]. Among them, blowing dust, birds,
and insect echoes [117].

The only thing that should be added is the importance of weather
radar networking. Millimeter-wave radar is really a modern instrument that
is quite suitable for network application, data transmission, and data ex-
change. The radars must have network capabilities enabled for remote radar
control and data receiving via any network supporting the TCP /IP protocol,
including the Internet. Remote control and diagnostics of the radar opera-
tion from any network computer are needed as well. Any authorized user
should have access to radar data and images via local Ethernet in real time.
The Internet access should provide viewing of both current information
and previously stored data. Wireless PAN, LAN, and MAN are applicable in
appropriate cases.

10.6.2 Remote Sensing of the Terrain

Radar sensors operating in millimeter waves can be installed on board air-
craft or spacecraft. They play an important role for both aircraft navigation
(altimeters) and surface investigation (SAR, radiometer, scatterometer, etc.).
An overview of spaceborne remote sensing instruments was provided by
Glackin [118]. Millimeter-wave radar for remote sensing of the Earth falls
into the general classes of passive and active sensors. Passive sensors, called
radiometers, collect and detect natural radiation, whereas active sensors
emit radiation and measure the returning signals.

Passive millimeter-wave sensors include imaging radiometers, synthetic-
aperture radiometers, and submillimeter-wave radiometers. Active milli-
meter-wave sensors include classical radars, SAR, altimeters, and scattero-
meters.

Passive imagers and sounders generally operate at frequencies ranging
from 6 to 200 GHz. Submillimeter-wave radiometers have recently been
used for measuring cloud ice content.

The problem of high spatial resolution in radiometry can be overcome
through a technique of aperture synthesis, as was explained in Section 10.3
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for active radars. In the passive version this concept was previously used
in radio astronomy, where the operation of a large solid dish antenna is
simulated by using only a sparse aperture or thinned-array antenna. In such
an antenna, only part of the aperture physically exists and the remainder
is synthesized by correlating the individual antenna elements. This kind of
aperture synthesis differs a little from a similar technique that has a long
and successful history in airborne and spaceborne SAR.

Active sensors can be broadly divided into real-aperture radars and
SARs. Some are interferometric, meaning that they exploit the signals that
are seen from two somewhat different locations, which is a powerful means
of elevation measurement. This can be done using two antennas separated
by a rigid boom, or using a single antenna on a moving spacecraft that
acquires data at two slightly different times, or using similar antennas on
two separate spacecraft. Modern SARs frequently also use the radar po-
larimetric principle, taking into account the polarization properties of the
surface. The most powerful SARs apply both principles: polarimetry and
interferometry.

Real-aperture radars can be further categorized as scanning (imaging)
radars, altimeters, and scatterometers. (Atmospheric radars were considered
above.) A prototype of new high-power electronic scanning millimeter-
wave radar was recently designed [112]. A scanning millimeter-wave radar
is a critical tool for improving the remote sensing of the Earth and other
bodies in our solar system.

Altimeters measure surface topography, and radar altimeters are typi-
cally used to measure the surface topography of the ocean (which is not
as uniform as one might think). They operate using time-of-flight measure-
ments and typically use two or more frequencies to compensate for iono-
spheric and atmospheric delays. Altimeters have been flying since the days
of Skylab in 1973. Aperture synthesis and interferometric techniques can
also be employed in altimeters, depending on the application. A millimeter-
wave altimeter using an FMCW system in the radio navigation frequency
band can be installed on a helicopter.

Scatterometers are a form of instrument that uses radar backscattering
from the Earth’s surface. The most prevalent application is for the measure-
ment of sea surface wind speed and direction. This type of instrument first
flew on Seasat in 1978. A special class of scatterometer called delta-k radar
can measure ocean surface currents and the ocean wave spectrum using
two or more closely spaced frequencies.

SAR also flew for the first time on Seasat. These radars sometimes trans-
mit in one polarization (horizontal or vertical) and receive in one or the
other. A fully polarimetric SAR employs all four possible send/receive com-
binations. SARs are powerful and flexible instruments that have a wide
range of applications, such as monitoring sea ice, oil spills, soil moisture,
snow, vegetation, and forest cover.



Millimeter-Wave Radar: Principles and Applications ® 361

The specific aspects of millimeter-wave SAR application are related
at least to three advantages in comparison with longer wavelength SAR
systems:

1) Compactness of the instrument

2) Potential not only to reach extremely high angular (lateral) resolu-
tion due to the SAR principle but also really high-range resolution
because of a possible broader spectrum width

3) Ease of signal processing due to short aperture length necessary for
good lateral resolution and consequently low importance of imag-
ing errors because of high robustness against the instabilities of the
airborne carrier platform

All these potential advantages of millimeter-wave SAR are characteristic
for experimental radar MEMPHIS [119], which has two front ends: one at
35 GHz and the other at 94 GHz. The radar waveform is a combination of
a stepped frequency waveform and an FM chirp. For the high-resolution
mode, the frequency is stepped up from pulse to pulse over a bandwidth
of 800 MHz in steps of 100 MHz to gain a range resolution of about 19 cm.
Higelen [120] studied the detection of moving vehicles and the determina-
tion of their ground speed with the application of experimental radar MEM-
PHIS in monopulse mode (Section 10.3.9). The results show that monopulse
processing is an adequate technique to process millimeter-wave SAR data
in the case of a ground MTI.

The indicated features of millimeter-wave SAR open a lot of interesting
and useful applications of such radars. SAR systems operated from small
airborne platforms like motor gliders or even remotely piloted air vehi-
cles have to take advantage of millimeter-wave systems because only this
frequency region offers short aperture times, which guarantee ease of pro-
cessing and a less stringed demand on platform stability [120].

10.7 Imaging Systems for Security
and Safety Applications

The capability of millimeter waves to pass through fog, clouds, drizzle, dry
snow, smoke, and other substances makes the millimeter-wave imaging
systems the most efficient instrument to resolve a number of problems that
cannot be solved with the help of infrared and visible imaging systems. In
particular, object detection and recognition for provision of security and
safety is a very important and promising field of millimeter-wave radar ap-
plications. In this brief review we consider two groups of such applications:
(1) the devices for concealed weapon detection (CWD) and (2) aviation
safety applications, including foreign object detection (FOD) of airfield.
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10.7.1 Miniature Radar and Radiometric Systems for CWD
Applications

CWD at a safe distance is a new field of great importance in which millimeter-
wave radar can be effectively applied. Normally, CWD systems include

instruments, devices, equipment, and technologies to detect the weapons

most commonly concealed on human bodies, but also in containers or ve-

hicles. Millimeter-wave passive systems, which are also called radiometers,

can be applied for imaging different scenes, objects, and structures.

All bodies emit, absorb, reflect, and transmit millimeter-wave energy,
and the quantity of energy that is emitted, absorbed, reflected, and pene-
trated depends on the material, shape, temperature, and surface condition
of the body and also on the frequency. This actually is the basis for passive
detection of a concealed weapon and other objects. Millimeter waves pen-
etrate well through clothing; the human body basically absorbs millimeter
waves (which is equivalent to thermal self-radiation); and weapon mate-
rial reflects ambient radiation. For example, indoor radiometric sensors will
see the contrast between radiation of a human body of 309 K and room
temperature of 297 K. At the same time, metal components reflect almost
all radiation.

A tutorial overview of development in imaging sensors and CWD pro-
cessing is done by Chen et al. [121]. In the first passive millimeter-wave
imaging sensors the millimeter-wave data were obtained by means of scans
using a single detector that took up to 90 min to generate one image
[121].

The single-channel radiometric CWD imaging system was designed in
the Kiev Research Center “Iceberg” [122]. Tt had a heterodyne detector of
90-94 GHz and a parabolic antenna of 300 mm diameter, which formed
the beamwidth of 0.6°. The beam could scan mechanically in the horizontal
plane with a shift in the vertical plane after each scan. The computer control
allows a change in the scan rate, the size, and the number of angular
pixels. As shown by Denisov et al. [122], a human body passive image
of 100 x 150 pixels, obtained indoors, was formed at the screen of the
display during 1 min. It demonstrated that the system could quite clearly
detect a plastic handgun hidden in the clothing. In order to provide system
operation in realtime, the authors proposed a multichannel imaging system
with a reception sensor array providing simultaneous reception of signals
from different parts of an object under investigation. In particular, the 16-
channel system [122] provides an image during 1 s.

Recent advances in millimeter-wave sensor technology have led to video-
rate (30 frames/s) millimeter-wave cameras [121]. One such camera is a
94-GHz radiometric pupil-plane imaging system that employs frequency
scanning to achieve vertical resolution and uses an array of 32 individual
waveguide antennas for horizontal resolution [123,124].
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Another approach was considered by Essen et al. [125]. They empha-
sized the development of a demonstrator for CWD applications and an
imaging system for medium-range applications, up to 200 m. The short-
range demonstrator is a scanning system operating alternatively at 35 GHz
or 94 GHz to detect hidden materials such as explosives, guns, or knives
beneath the clothing. The demonstrator uses a focal plane array approach
using four channels in azimuth, while mechanical scanning is used for the
elevation. The medium-range demonstrator employs a single-channel ra-
diometer on a pedestal for elevation over azimuth scanning. To improve
the image quality, methods have been implemented using a Lorentzian
algorithm with Wiener filtering.

Millimeter-wave passive sensors can be combined with other devices
to increase the quality of imaging and the reliability of weapon detection.
Currie et al. [120] considered the application of infrared and millimeter-
wave sensors to solve CWD, through-the-wall surveillance, and wide-area
surveillance under poor lighting conditions. The operation of different sen-
sors, in particular, infrared cameras, millimeter-wave passive and active
cameras, and millimeter-wave real-aperture and holographic radars, have
been described. All of these sensors form images, but the images are of
varying quality. That is why methods using multiple sensors to improve
performance [120] are expedient.

An example of active millimeter-wave radar for CWD is described by
Chang and Johnson [127]. FMCW radar is designed for unobtrusive detec-
tion of concealed weapons on persons or in abandoned bags. The de-
veloped 94-GHz radar system provides image scanning and is suitable for
portable operation and remote viewing of radar data. This system includes
a fast image-scanning antenna that allows for the acquisition of medium-
resolution 3D millimeter-wave images of stationary targets with frame times
on the order of 1 s. It allows CWD on the background of the body and en-
vironmental clutter such as nearby furniture or other people. The 94-GHz
radar-emitted power of approximately 1 mW is considered low and poses
no health concerns for the operator or the targets [127]. The low-power
operation is still sufficient to penetrate heavy clothing or material. In con-
trast to passive imaging systems, which depend on emission and reflection
contrast between the weapon and the body and clothing, this active radar
system operates the same way both indoors and outdoors.

Information about small radar units designed for using a robotic remote-
controlled machine to inspect roadway objects and debris for concealed
bombs has been published [128]. Such devices could be used to detect ex-
plosives at checkpoints for buildings and transportation hubs. Government
officials are particularly interested in being able to spot suicide bombers
and to monitor large areas for the introduction of explosives, without ter-
rorists being aware that they are under surveillance [128]. This publica-
tion indicates that the goal achievement relies on a technology of active
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millimeter-wave radar, already used today in automotive collision-avoidance
systems. Combined with a video camera and software, such a system is
designed to detect explosives from afar [128].

A comparison of passive and active millimeter-wave radar sensors for
CWD applications shows the following advantages and disadvantages of
both technologies. The benefits of a passive radar sensor are (1) it is un-
detectable if one doesn’t take into account a leakage of local oscillator,
which can be used in some devices for heterodyne detection; (2) it is ab-
solutely safe for people; (3) the image is similar to a photograph and easy
to understand; and (4) the SNR depends less on range. On the other hand,
the shortcomings of a passive method are (1) stringent requirements on re-
ceiver sensitivity; (2) greater dependence on external conditions, first of all,
on ambient temperature; and (3) acquisition of fast, high-quality images re-
quires application of quite expensive sensors such as the focal plane array.

In contrast, the positive properties of an active sensor are formed by its
reduced requirements on receiver sensitivity, less dependence on external
factors, and acceptability of scanning architectures that makes it cheaper.
However, the active radar sensor has a number of disadvantages: (1) it is
obviously detectable; (2) it causes problems with irradiating noncooperative
targets (difficulty of covert surveillance); (3) sometimes it can be unsafe for
both operators and objects; (4) harder image interpretation; and (5) the
SNR is hardly dependent on range; that is, active radar has a limited range
of detection.

A combination of different nature sensors, such as millimeter waves,
infrared, and normal camera [129] with image fusion [130] gives the most
promising results. Different works on CWD are supported by the U.S. Office
of Justice Programs [131].

10.7.2 Safety Navigation Applications Including FOD
of Airfield

As was shown above, the better sensitivity allows for increased scanning
velocity due to the reduction of adequate integration time to provide good
image quality. The diffraction-limited spatial resolution of a passive
millimeter-wave imaging system is inversely proportional to the diameter
of the quasi-optical antenna. Certain improvement of image quality can be
achieved by the digital processing of the obtained image with help from
mathematic methods. Thus the development of the practical millimeter-
wave imaging system requires an increase in the number of receiving sen-
sors in the focal plane array and use of the quasi-optical antenna with
sufficiently big diameter. Gorishyake et al. [132] present a 32-channel 33—
38-GHz imaging system that provides fast image with rather high image
quality in a full angle of view of 90° in the horizontal plane in 3 s. Such an
imaging system can be used to provide navigation on the ground or at sea,
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especially at short distances where surface radar clutter is high, for remote
sensing in space and air investigations, for all-weather surveillance, and in
many other commercial and special applications.

One of the important directions of millimeter-wave imaging system de-
velopment is application for improvement of airport operations under the
condition of increasing flight intensity. In accordance with Qinetiq [133],
the Qinetiq Tarsier T1100 is the first radar designed for detection of de-
bris on runways. It gives a real-time airfield picture. The system scans the
runway for debris approximately every 60 s, typically giving an inspection
between every aircraft movement. It is FMCW radar with a central frequency
of 94.5 GHz, 600 MHz bandwidth, 100 mW transmit power, sawtooth mod-
ulation type, and a 2.56-ms sweep repetition interval. The system provides
a 2-km detection range at location accuracy of 0.5 m in the range and 0.2°
in azimuth. It fulfills a 180° scan during 72 s and supports simultaneous
targets. When a piece of FOD is detected, a visual and audible alarm is
raised and the FOD location is shown on the display. Until the FOD is re-
moved, Tarsier will continue to highlight the FOD location on the runway.
The system records all events in a log for future reference, as well as for
process analysis and improvement [134].

Another new field for millimeter-wave radar applications is helicopter
collision avoidance and piloting radar. Traditional radar instruments cannot
be applied as an airborne system for autonomous flight guidance purposes
due to lack of resolution. On the other hand, optical sensors such as infrared
systems provide excellent resolution but are nearly blind in adverse weather
conditions such as fog and rain. A new radar technology called ROSAR (syn-
thetic aperture radar based on rotating antennas) promises to overcome the
deficiencies of the traditional radar systems. In 1992 Eurocopter Deutsch-
land and Daimler-Benz Aerospace started a research program to investigate
the feasibility of a piloting radar based on ROSAR technology: HELIRADAR
[135]. HELIRADAR has been designed to provide a video-like image with
a resolution good enough to safely guide a helicopter pilot under poor
visibility conditions to the target destination. To yield very high resolution
a similar effect as for synthetic aperture radar systems can be achieved by
means of a rotating antenna. This principle is especially well suited for
helicopters, because it allows for a stationary carrier platform.

A multisensor autonomous approach landing capability (AALC) for air
mobility platforms that increases aircrew situational awareness in low- and
no-visibility conditions has been developed by BAE Systems [136]. The
AALC system fuses millimeter-wave radar and an optical sensor—either in-
frared or low-light television—processing those inputs to render the best
available image on a head-up, head-down, or helmet-mounted display. The
system, drawing on this technology in the weather-penetrating capabilities
of the 94-GHz imaging radar technology, is designed to permit aircraft land-
ings in zero-ceiling/zero-visibility (0/0) conditions such as fog, dust, smoke,
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snow, and rain. It provides visual situational awareness of the runway en-
vironment, enhances obstacle avoidance, and minimizes pilot spatial dis-
orientation caused by lack of visual perspective. AALC is fully autonomous,
placing all sensors aboard the aircraft with no need for ground-based
landing aids, significantly improving flexibility in mission planning and
execution.

10.8 Conclusion

We have considered millimeter-wave radar principles in this chapter. We
saw features and advantages of millimeter-wave radars, as well as some
of their important applications. Numerous other possible applications of
millimeter-wave radar cannot be considered even briefly in the framework
of a chapter such as this. An example is a millimeter-wave tomograph [137],
which allows retrieval of both images of slices in a 3D isosurface for ob-
jects buried under the plane surface of a medium. The instrument can find
application in medicine, biophysics, nondestructive test analysis, and many
other areas utilizing a novel detection technology that can provide plan and
elevation views of probing spaces. Numerous millimeter-wave radar appli-
cations follow from the consideration of millimeter-wave properties, radar
principles, and some examples considered brief. Some of the applications
are briefly reviewed here:

B [ndustrial applications: Speed and range measurement for industrial
uses; industrial depth measurement in hostile environments

B Meteorological applications: Severe weather studies and measure-
ment, clear air turbulence detection, and wind field measurements

B Aviation applications: Aircraft collision warning and obstacle de-
tection system for helicopters, airport airfield surveillance, runway
visualization, and wind shear detection

B Artificial vision: Robotic vision, unmanned aerial vehicle, unmanned
surface vehicle.

B Vision and sensing in adverse weather or environment

B Harbor monitoring and navigation guidance

B Safely and security devices: Passive imaging for security applications,
radio-wave imaging, presence and motion sensors for automated
systems, intrusion detection

B Military applications: Surveillance, air defense, sniper and artillery
location-tracking, missile guidance and tracking, seekers, and finally
passive detection of targets in millimeter waves

The tendency of millimeter-wave-band applications to solve various
tasks has a steady character now. The opportunity for wide application of
millimeter waves in the radar systems of different functions has opened.
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This resulted from advances in the developing componentry and creating
perfect engineering devices on this basis, as well as from the necessity
of quality improvement of radar measurements and the transfer of large
information content.

Millimeter-wave radars are employed in a wide range of commercial,
military, and scientific applications for remote sensing, safety, and measure-
ments. Millimeter-wave sensors are superior to microwave- and infrared-
based sensors in most applications. Millimeter-wave radars offer better
range resolution than lower frequency microwave radars and can pene-
trate fog, smoke, and other obscurants much better than infrared sensors.
Millimeter-wave radars are applicable for integrated use and data fusion
with other sensors.

Millimeter-wave radar is a universal instrument that can serve as an addi-
tional communication channel, for example, in car-to-car communications;
it is quite suitable for network application, data transmission, and data ex-
change. Millimeter-wave radars have good network capabilities and enable
remote control and data receiving via any network including the Internet
and wireless PAN, LAN, and MAN.
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