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Preface

Scattering of radar targets has become one of the most important parts of
modern radar system analysis [1–3]. Computer simulation of the radar targets’
scattering is of great importance in the initial research and development
(R&D) steps of recognition, detection, and tracking, and in modern radar
education [4–7]. Since aerial target orientation can be estimated only approxi-
mately, the statistics of scattered signals are more important than their exact
values. This allows the wide use of scattering theory approximations.

Radar recognition development requires expensive experiments. The
task of simulation in recognition is to replace such experiments in initial
R&D steps. As an experiment, the simulation [4–7] permits the choice of
various recognition performances:

• Alphabets of target classes or types recognized;
• Recognition features (signatures) and their combinations;
• Illuminating signals and decision rules;
• Radar Subsystems Tolerances.

Simulation programs created for recognition can be used easily for
detection and tracking. As for detection, the critical discussion [8–10] of
classical Swerling backscattering statistics has shown an intention to look
for new models [10, p. 718]. As for tracking, essential factors of secondary
modulation and other nonstationary scattering factors [1, 11] also lead to
the use of new models.

xv
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The peculiarity of simulation consists of taking into account:

• The variety of radar targets, their orientations, positions, and features
of their rotating parts;

• The electrodynamics of backscattering for every target in any orienta-
tion;

• The variety of illuminating signals, their space-time-polarization
transform in the scattering and posterior processing;

• The statistics of target motion in real atmosphere.

Chapters 1 through 6 of the book, which describe monostatic radar
and ‘‘nonstealth’’ targets, consider:

• The foundations of scattering simulation on centimeter and decime-
ter waves given in the simplest components approximation (Chap-
ter 1);

• Review and simulation of recognition features (signatures) for wide-
band and narrowband illumination of targets (Chapters 2 and 3);

• Review and simulation of recognition algorithms’ operation (Chap-
ter 4);

• Peculiarity of backscattering simulation and recognition for low-
altitude targets (Chapter 5);

• Review and simulation of signals’ detection and operation of simplest
algorithms of target tracking (Chapter 6).

Chapters 1 through 4 and Chapter 6 are supplemented by a CD-ROM
program disc and manual for practical simulation, which are now both
available as a possible instrument for R&D.

Chapter 7 attempts to expand the simulation possibilities for the case
of targets with reduced cross section and covered with radar-absorbing
materials and for the case of bistatic radar [2, 12, 13]. The augmented physical
optics approximation, mostly without simplest components introduction, is
used here.

This book is the first variant of the topic to discuss all-round computer
simulation of real targets’ secondary radiation, serving to solve recognition
problems primarily. Joint consideration of various recognition algorithms
and their operation, which is absent in the most recent technical literature,
may also be of interest. We expect that in the future the backscattering
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simulation programs will be systematically improved on the basis of new
experimental and physical simulation data. Our current simulation programs
are a definite step in this direction.

The text of the book appears as the outcome of the authors’ group
work: S.A. Gorshkov contributed to Chapters 1 through 5; S. P. Leshchenko
contributed to Chapters 1 through 4 and Chapter 6; V. M. Orlenko contrib-
uted to all chapters and helped edit the book; S. Yu. Sedyshev contributed
to Chapter 5; O. I. Sukharevsky contributed to Chapter 7; Ya. D. Shirman
contributed to all chapters and edited the book.

Great support and help were rendered to the authors by the Radar
Series Editor, Professor David K. Barton, who attentively read the entire
text, gave valuable advice to the authors, and corrected their nonnative
English. We are very grateful to him.
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1
Foundations of Scattering Simulation
on Centimeter and Decimeter
Waves
In the beginning of this chapter we consider initial information about target
scattering (Section 1.1) and compare the analog and digital computer meth-
ods of scattering simulation (Sections 1.2 and 1.3). For simulation in centime-
ter and decimeter radar wavebands we select here the simplest component
variant of target description and its scattering computer simulation. By
introducing a set of coordinate systems, the follow-up consideration of
moving targets and their elements is provided. The general equation of
backscattering is given also for the far-field zone (Section 1.3). The peculiari-
ties of backscattering simulation for deterministic and random target motion
are considered in Section 1.4. Simulation peculiarities of backscattering from
the targets’ rotating parts are considered in Section 1.5. Simulated radar
quality (performance) indices are discussed in Section 1.6.

Comparison of the simulation results with experimental ones is an
important but complicated task. Such a comparison will be carried out
mostly in Chapters 2 through 6 in connection with the peculiarities of
information being received, but we will note such a comparison in Chapter
1 also.

1.1 Target Scattering
We consider in this section the scattering phenomenon and its main radar
characteristics. In connection with the spreading of extended broadband

1



2 Computer Simulation of Aerial Target Radar

signals, the doppler effect is considered not only as a change in the signal’s
carrier frequency but as its whole time-frequency scale transform (doppler
transform).

1.1.1 Scattering Phenomenon and Its Main Radar Characteristics

The scattering phenomenon arises when arbitrary waves illuminate an obsta-
cle. Any heterogeneity of electric and magnetic parameters of a propagation
medium serves as an obstacle for radio waves. The incident wave excites
oscillations in the obstacle that are the origins of secondary radiation (scatter-
ing) in various directions. Especially important for the widely used monostatic
radar is the scattering in the direction opposite to the direction of the incident
wave propagation (the so-called backscattering). The character of such scatter-
ing (backscattering) depends on the target’s material, size, configuration,
wavelength, modulation law, polarization, and the specifics of target trajectory
and motion of its internal elements.

As usual, we’ll consider only linear scattering. The most important
radar characteristics are the radar cross-section (RCS or s tg) and the polariza-
tion scattering matrix.

RCS is the most important characteristic of a target independent of
the distance R from radar to target. Let us begin its consideration with the
case where the resolution cell embraces the whole target.

The IEEE Dictionary defines the RCS formally as a measure of reflective
strength defined as 4p times the ratio of power density P′rec per unit solid
angle (in watts per steradian) scattered in the direction of the receiver to
the power density Ptg per unit area (in watts per square meter) in a plane
wave incident on the scatterer (target) from the direction of the transmitter:

s tg = lim
R→∞

4p
P′rec
Ptg

= lim
R→∞

4pR 2 Prec
Ptg

= lim
R→∞

4pR 2 |E rec |2

|E tg |2 (1.1)

Here, Prec = P′rec/R
2 is the power density per unit area (in watts per square

meter) at the receiver, E rec is the electric field magnitude at the receiver,
and E tg is the electric field magnitude incident on the target.

The formal definition (1.1) can be explained by replacing the distant
real target with the equivalent isotropic scatterer without losses so that:

1. It produces in the direction of the radar receiver antenna the same
power density Prec (in watts per square meter) as the real target
does;
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2. It intercepts, as it is supposed to, a power s tgPtg from the power
flux near the target with the density Ptg (in watts per square meter).

In the assumed condition of isotropic scattering, the scattered power
is distributed uniformly through the surface area 4pR 2 of a sphere centered
on the target. In the absence of power losses one has the equations

s tgPtg = 4pR 2 Prec , s tg = 4pR 2 Prec
Ptg

equivalent to (1.1).
If the polarization characteristics of illuminating wave k (linear, circular,

elliptic) and that of receiver antenna l differ from one another, the value of
s tg = s k, l depends on these polarization characteristics k and l .

For the bistatic radar the value of s k, l depends on direction angle
vectors of incident u1 = ||b1 e1 ||T and of scattered to receiver
u2 = ||b2 e2 ||T waves. The wave’s power flux density is proportional to
the square of its electrical field intensity |El (u1, u2) |; therefore,

s k, l (u1, u2) = 4p
P′l (u1, u2)

Pk
= 4pR 2 |El (u1, u2)|

2

|Ek |
2 (1.2)

For the monostatic radar with common transmitting and receiving antenna

u1 = u2 = u, l = k

which simplifies (1.2).
For the case when the target elements are resolved, the sum of partial

mean RCS will be considered as the target’s mean RCS [1–6].
The polarization scattering matrix (PSM) is used in the general case

of polarization transformation from an incident wave to scattered one [1–6].
The PSM has the form

A = ||√s k, l ? e jw k, l || = ||√s11 ? e jw 11 √s12 ? e jw 12

√s21 ? e jw 21 √s22 ? e jw 22 || (1.3)
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where for monostatic radar s21 = s12 and w21 = −w12. To obtain the PSM
it is necessary to introduce the polarization basis consisting of two polarized
waves of orthogonal polarization, elliptical in general. Typical bases are those
of horizontal and vertical linear polarizations, of two circular polarizations
with opposite rotating directions, and the target’s own polarization basis,
which will be considered below. Values of s k, l are determined by (1.2).
Values of indices k, l = 1 correspond to the first type of wave polarization,
and k, l = 2 correspond to the second one. Values of w k, l characterize phase
shifts due to wave propagation on the radar-target-radar trace.

The PSM in general is a nondiagonal matrix with five independent
parameters s11, s22, s12 = s21, w22, − w11, w12 − w11 = − (w21 − w11)
for monostatic radar. Parameters of the nondiagonal elements s12, s21,
w12 − w11, w21 − w11 characterize the polarization transformation in the
scattering process. If the PSM is diagonal and s11 = s22, then polarization
transformation is absent. It corresponds, for example, to reflection from a
conducting sphere. Knowing the PSM, one can express the electrical field

intensity vector near the receiver Erec = AEtg /√4pR 2 through that near the
target Etg.

Normalized Antennas Polarization Vector. In an antenna’s transmitting mode
such a vector

p0 = ||cosg e jd ? sing ||
T

(1.4)

determines the vector of electrical field components of regularly polarized
transmitted wave

E(t ) = Re[Ė ? p0e j2p f 0t ]

= ||E1cos(2p f0t − c1) E2cos(2p f0t − c2) ||
T

Vector E is supposed to have components along some mutually orthogonal
unit vectors l0, m0, each of them being orthogonal to the propagation unit
vector of the incident wave. In the presented equations the values of E ,
cosg , sing , and d are determined as

E = | Ė | ? e −jc1, | Ė | = √E 2
1 + E 2

2 , cosg = E1 / |E |,
sing = E2 / |E |, d = c1 − c2
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The condition of an antenna’s polarization vector normalization
(p0)*T ? p0 = 1 is fulfilled. Elliptical polarization degenerates into the linear
one for d = 0 and into the circular one for d = ±p /2, g = p /4. Due to the
antenna reciprocity principle, the vector p0, (1.4), can be used for a receiving
antenna also. Introduction of the receiving antenna polarization vector p0

rec
allows expressing the component of electrical field intensity Erec near the
receiver, matched with the receiving antenna, in the form

Erecmatch = (p0
rec)

*TErec = (p0
rec)

*TAEtg /√4pR 2

In its turn, the transmitting antenna polarization vector p0
tr allows

expressing Etg = Cp0
tr /√4pR 2 , where C = const.

The value of RCS in the condition of the wave polarization transforma-
tion by the target can be given in the following form (see Section 1.3.4):

s tg = 4pR 2 | (p0
rec)

*TErec |
2
/ |Etg |

2
= | (p0

rec)
*TAp0

tr |
2

(1.5)

Matched polarization reception or quadrature processing of the recep-

tion requires two orthogonal polarizations: s tg = |A ? p0
tr |

2
.

The own polarization basis of the target permits us to represent a
polarization scattering matrix A through the diagonal matrix M = diag(m1,
m2) or

M = Fm1 0
0 m2

G (1.6)

It has the diagonal elements in the form of √s1M e jargm1 = m1 and

√s2M e jargm2 = m2 , which are the eigenvalues of matrices A and M =
diag(m1, m2), where s1M and s2M are the maximum and minimum possible
values of the target RCS. Then,

A = U*TMU,

where matrices U are the orthogonal unitary complex matrices U*TU = I.
This operation is a standard operation of matrix A diagonalization. A special
case of matrix U is the matrix of the polarization basis rotation

U = ||cosw −sinw

sinw cosw || , where w is the rotation angle.
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1.1.2 Doppler Transform for Signals of Arbitrary Bandwidth-Duration
Product

Let us consider the movement of a point target, flying away from a monostatic
radar with constant radial velocity vr [5, 6]. The solid line in Figure 1.1
depicts uniform target motion, its range at time t ′0 is denoted by r ′0. Dotted
lines in Figure 1.1 show schematically propagation with the constant velocity
of light c of a wave fraction, transmitted between time moments t ′0 and t ′
and received between the time moments t0 and t , so that target illumination
occurs between the time moments (t ′0 + t0)/2 and (t ′ + t )/2.

Target ranges at these moments are r0 + vr(t ′0 + t0)/2 and r0 + vr(t ′
+ t )/2. They determine the echo signal delays t0 − t ′0 = 2[r0 + vr(t ′0 + t0)/
2]/c and t − t ′ = 2[r0 + vr(t ′ + t )/2]/c. The difference of these delays is

Dt ′ − Dt = −
vr
c

(Dt ′ + Dt ). Here, Dt ′ = t ′ − t ′0 is the duration of the transmit-

ted signal’s fraction, and Dt = t − t0 is the corresponding duration of that
of the received signal. The time scale transformation law is

Dt ′ =
1 − vr /c
1 + vr /c

Dt or Dt ′ ≈ S1 −
2vr
c

+
2v2

r

c2 DDt for
2vr
c

<< 1 (1.7)

The latter means that, with the usual neglect of the quadratic term, a
doppler frequency shift FD = 2vr f0 /c = 2vr /l0 takes place, negative for

Figure 1.1 Clarification of signal’s doppler transform.
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vr > 0 and positive for vr < 0. Together with the doppler frequency shift,
the signal’s envelope is stretched for vr > 0 or compressed for vr < 0 also.
This result corresponds to the special relativity theory, dealing with uniform
movement of physical objects.

One can use (1.7) also for short signal fractions in the case of nonuni-
form target movement vr = vr(t ). For start time t ′0 = 0 of illumination and
arbitrary signal duration

t ′ = t ′(t ) = t0 + E
t

t0

1 − vr (s )/c
1 + vr (s )/c

ds ≈ t −
2
c

r0 −
2
cE

t

t0

vr (s )ds = t −
2r (t )

c

(1.8)

Neglect of quadric term in (1.7) leads to the errors in doppler frequency
dFD = (2vr

2/c2) f0 and in phase df = 360°TdFD, where T is signal duration.
These errors for vr = 1000 m/s, f0 = 3 ? 1010 Hz, and T = 0.3 s are
dFD = 0.7 Hz, df = 24°, so they can usually be neglected.

Hence, the doppler effect can be considered approximately as a result
of distance variations, observed in the final reception moments. For time-
extended real signals, it must be estimated not only as a frequency change,
but as a stretching or compression of the signal envelope too.

1.1.2.1 Doppler Transform Example for an Extended Wideband Signal

Let us consider for the illumination Gaussian chirped pulse

U (t ) = exp{−p [(1/t2
p ) + jK ]t2 + j2p ft },

where tp is the signal duration at the level of e −p /4 ≈ 0.46, f is the carrier
frequency, Df is the frequency deviation, and K = D f /tp is the ratio of the
frequency deviation to pulse duration. The pulse scattered by a point target
is also Gaussian and chirped, but its parameters are changed; so parameters
f and D f are multiplied by (1 − 2vr /c ) and parameter tp is divided by
(1 − 2vr /c ). Parameter K is multiplied by (1 − 2vr /c )2 ≈ 1 − 4vr /c , thus it
receives the increment DK ≈ −4(vr /c )K .

Matched processing presumes accounting for all the mentioned factors.
Such a processing and range-velocity ambiguity function will be considered
for stepped-frequency signals in Section 2.4.2.
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1.2 Analog Methods of Scattering Simulation

The following analog methods are used to simulate backscattering in real
target flights: full-scale experiments, scaled electrodynamic simulation, and
scaled hydroacoustic simulation.

Full-scale experiments include the method of dynamic measurements
and the method of statistical measurements [2, 7, 8]. Dynamic characteristics
are obtained in the process of real flights using standard or instrumentation
radar. The characteristics determined include: (1) the values of target radar
cross sections and polarization scattering matrix elements at some fixed
frequencies, (2) target’s echoes to broadband illumination pulses at different
carrier frequencies and to very short video pulses, and (3) modulation,
fluctuation, and other statistical target’s characteristics. Full-scale experiments
are expensive. They are usually carried out only for the RCS estimation
and face difficulties in case of the evaluation of recognition characteristics
(mentioned in the Preface) for various illumination signals.

Scaled electrodynamic simulation is carried out by means of testing
devices similar to those used in full-scale static simulation or in the anechoic
chamber [2, 7, 8]. Great attention is paid to the plane wavefront forming
near the target in anechoic chambers by means of special collimators, in
particular. Characteristics of a real conductive target (index ‘‘tg’’) can be
reproduced by the characteristics of conductive scaled models (index ‘‘md’’)
if the likeness conditions are met:

l tg

lmd
=

l tg

lmd
= √s tg

smd
=

t tg

tmd
(1.9)

These conditions connect the target’s parameters with those of its
model: (1) linear dimensions l tg, lmd, (2) wavelengths l tg, lmd, (3) radar
cross sections s tg, smd, and (4) time duration of target and model response
t tg, tmd. The first ratio characterizes the required model size; the second
one, wavelength; the third one allows us to recalculate the model RCS
(diagonal elements of polarization scattering matrix) into those of real target.
The last ratio allows us to evaluate the impulse responses of the target.
Instead of wideband signal generation, small pulse-by-pulse frequency agility
is sometimes used (see Section 2.4). Backscattered signals are subjected to
phase detection using reflection from an external small-sized standard scatterer
as a reference signal. The results are digitized and subjected to the fast Fourier
transform (FFT). Multifrequency measurement of the polarization scattering
matrix elements is carried out on the basis of models [2]. Scaled electrody-
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namic simulation is used for some recognition characteristic evaluation
[7–11], but only for limited target numbers and usually without the motion
consideration of them and their parts.

Scaled hydroacoustic simulation is based on the similarity of electromag-
netic and acoustic wave propagation in isotropic media [12]. This similarity
does not include polarization, which is the feature of electromagnetic waves
that is absent in acoustics. An advantageous feature of hydroacoustic simula-
tion is the significant decrease of acoustic wave propagation velocity v relative
to the light velocity, which sharply reduces the wavelength, frequency band-
width, model’s dimensions, and dimensions of propagation tract and
antennas:

l tg

lmd
=

l tg

lmd
= √s tg

smd
=

ct tg

vtmd
=

cfmd
vf tg

=
cBmd
vB tg

(1.10)

Here, f tg, fmd are the carrier frequencies; B tg, Bmd are the frequency
bandwidths; c is the velocity of light; and v is the acoustic wave velocity.
Examples of hydroacoustic simulation and target’s signature determination
were given for computerized water pool of 1m × 0.5m × 2m in [12]. Such
simulation allows using different illumination signals, taking into account
the motion of targets. The failures of this method are the lack of electromag-
netic wave polarization simulation and the large attenuation of acoustic waves
in water compared to electromagnetic wave attenuation in the atmosphere.

1.3 Computer Methods of Scattering Simulation

Computer simulation is based on approximate solutions of scattering-diffrac-
tion problems. These problems are connected with the choice of description
method for the targets’ surface. For centimeter and short decimeter waves,
when the target surface can be described by a set of simpler ones (Section
1.3.1), the complex scattering problem is simplified. This method is detailed
below (Sections 1.3.2–1.3.6) using coordinate transformations (Sections
1.3.2–1.3.3) and simplest bodies backscattering data (Section 1.3.6). Lastly,
we discuss qualitatively the application limits of the chosen simplest compo-
nent simulation method (Section 1.3.7).

1.3.1 Simplest Component and Other Methods of Target Surface
Description and Calculation of Scattering

For the scattering calculation in centimeter and short decimeter radio wave
bands (K, Ku, X, S, C, L) the quasioptical simplest component method
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[2–4, 6, 12, 13] will be widely used (Chapters 1–6). This method reduces
computational expenses while providing acceptable calculation accuracy. The
target’s airframe, wings, engine’s pod, tail group, and outboard equipment
are described with a wide set of simple bodies: quadric surfaces, plates,
wedges, thin wires, disks, etc., for which sufficiently precise approximate
theoretical relations have been already found. Available experimental results
are also used for the cockpits, antenna modules, air intakes, engine’s nozzles,
etc. [3, 4]. The shadowing (masking) and rescattering effects are considered
in analytical equations. The target is considered then as a simple multielement
secondary radiator. The rescattering and multiple rescattering contributions
in radar echo are increased with an increase of wavelength.

On parity with the simplest component method, other quasioptical
methods (methods of physical optics) can be used. In Chapter 7 we will discuss
the quasioptical methods without introducing the simplest components, in
particular, the facet method that considers a target’s surface airframe as
consisting of facets (patches) and the combination of quasioptical methods
with strict solutions [13].

As was pointed out, the simplest components and other quasioptical
methods are restricted in wave band. For waves significantly shorter than K
band, the target’s surface cannot always be considered as smooth, so diffuse
scattering has to be taken into account. For waves significantly longer than
L band, multiple rescattering and associated resonance effects require the
use of other methods. The wire method is often used where the target is
considered as a set of thin wires [14]. The exact method of integral equations
can be realized numerically on a computer for various objects [13]. Due to
growth of computational expense, however, this method is not applicable
yet in the high frequency domain.

1.3.2 Coordinate Systems and Coordinate Transforms Neglecting
Earth’s Curvature

Various coordinate systems must be introduced to simulate the signal back-
scattered from a moving target with moving elements by using the simplest
component electrodynamic method:

• Radar’s Cartesian coordinate system and the analogous spherical
one—in the case of bistatic radar let us agree that they are referred
to its transmitting part;

• Target’s Cartesian coordinate system tied to target body and used
in electrodynamic calculations (target body coordinate system);
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• Cartesian coordinate systems of the simplest elements n = 1, 2, . . . ,
NS (local coordinate systems).

Aerial target location in three-dimensional (3D) space is determined
by six parameters (Figure 1.2). Three parameters X tg, Ytg, Z tg determine
the target center of mass location in the radar’s Cartesian coordinate system
O radXYZ . The OX and OZ axes lie in the Earth surface plane; the OY axis
is directed upwards. Vector Rtg = ||X tg Ytg Z tg ||T also describes the target’s
mass center location.

Three rest parameters, namely course angle c , pitch angle u and roll
angle g , determine the Cartesian target body coordinate system’s O tgjhz
orientation. The O tgj axis of this system is directed along the target longitudi-
nal axis to the nose, the O tgh axis is directed upwards, and the O tgz axis
is directed along the target right wing, so that the axes O tgj , O tgh , O tgz
make up the right three. Course angle c is the angle between the projection
of the target longitudinal axis onto the horizontal plane O radXZ and O radX
axis. Pitch angle u is the angle between the target longitudinal axis and the
horizontal plane. Roll angle g is the angle between the target transversal axis
O tgz and the horizontal plane. Rotation direction is assumed to be positive
if it is seen counterclockwise for the observer at the end of the rotation axis.
In the case of neglecting Earth’s curvature, the horizontal plane introduced
here is the horizontal plane O radXZ of radar coordinate system. In Section
1.3.3 the spherical Earth case will be considered. Then, the horizontal planes
underlying the target will be taken into consideration.

Figure 1.2 Coordinate system of radar O radXYZ , target O tgjhz , and local On x n y n z n , used
in backscattering simulation neglecting the Earth’s curvature.
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Interrelation of coordinates in the Cartesian radar system O radXYZ
and in the corresponding spherical one O radRbe is described by equations

R = √X 2 + Y 2 + Z 2, b = atan
Z
X

, e = atan
Y

√X 2 + Z 2
(1.11)

X = R cose cosb , Y = R sine , Z = R cose sinb (1.12)

Recalculation of coordinates from the target coordinate system into
the radar one can be made [15] by means of matrix function H =
H(c , u , g ) depending on rotation angles c , u , g (rotation matrix):

||X Y Z ||
T

= ||X tg Y tg Z tg ||
T

+ H−1 ||j h z ||
T
, (1.13)

||j h z ||
T

= HT ||X − X tg Y − Y tg Z − Z tg ||
T

(1.14)

The rotation matrix for complex c , u , g rotation is the product of
three simpler rotation matrices for separate rotations on each of these angles
H(c , u , g ) = H(c )H(u )H(g ), where (see Figure 1.3)

H(c ) = || cosc 0 sinc

0 1 0
−sinc 0 cosc

|| , H(u ) = ||cosu −sinu 0
sinu cosu 0

0 0 1 || ,
H(g ) = ||1 0 0

0 cosg −sing

0 sing cosg
||

Figure 1.3 Clarification of coordinate system rotations in course, pitch, and roll angle.
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Alternatively, the rotation matrix H(c , u , g ) is

H(c , u , g ) = (1.15)

|| cosc cosu −cosc sinu cosg + sinc sing cosc sinu sing + sinc cosg

sinu cosu cosg −cosu sing

−sinc cosu cosc sing + sinc sinu cosg cosc cosg − sinc sinu sing
||

It is orthogonal; therefore, HT = H−1.
Recalculation of unit vector R0 of incident wave propagation direction

from the radar coordinate system into the target one is also made by the
use of the matrix H transposed in this case:

||R 0
j R 0

h R 0
z ||

T
= HT(c, u , g ) ||R 0

X R 0
Y R 0

Z ||
T

(1.16)

Components of the unit vector R0 entered into (1.16) can be presented
as coordinates (1.12) of the end of this unit vector, beginning at the coordi-
nates’ origin:

||R 0
X R 0

Y R 0
Z ||

T
= ||cose cosb sine cose sinb ||

T
(1.17)

Local coordinate systems On x n yn z n , n = 0, 1, 2, . . . , N S − 1 have
their origins On in the points j n , h n , z n of the target body coordinate system
O tgjhz , described by vectors r n = ||j n h n z n ||, and their orientations are
described by angles c n , u n , g n . Unit vector recalculation, analogous to
(1.16), can be provided using values H(c n , u n , g n ) of rotation matrix
function (1.15):

||R 0
j R 0

h R 0
z ||

T
= H(c n , u n , g n ) ||R 0

xn R 0
yn R 0

zn ||
T

(1.18)

The Aspect Angles

For the convenience of the program’s use and the follow-up consideration,
we can introduce the course-, pitch-, and roll-aspect angles of a target using
the unit target radius-vector R0 and the coordinate unit vectors Y0, j0, and
z0. The course-aspect angle ac from the tail of a target and ac from its nose
are defined as the angle between the projections of unit vectors ±j0 and
R0 on the O radXZ plane of the O radXYZ coordinate system.
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ac = 180° + a ′c acos{[j 0 − Y0(j 0TY0)]T

? [R0 − Y0(R0TY0)] / |j 0 − Y0(j 0TY0) | ? |R0 − Y0(R0TY0) | }

The pitch-aspect angle au is defined as the angle between the projection
of the unit vector j 0 on the plane that passes through the unit vectors R0

and Y0, on the one hand, and the unit vector R0, on the other hand.
Designating by S0 = R0 × Y0/ |R0 × Y0 | the unit vector of the cross

product R0 × Y0, we have

au = acos{[j 0 − S0(j 0TS0)]TR0 / |j 0 − S0(j 0TS0) | }

The roll-aspect angle ag is defined as the angle between the projection of
the unit vector z 0 on the plane that passes through the unit vectors R0 and
Y0, on the one hand, and the unit vector R0, on the other hand,

ag = acos{[§0 − S0(§0TS0)]TR0 / |§0 − S0(§0TS0) | }

All three aspect angles are calculated approximately by our program
of the flight simulations. In the follow-up parts of the book we shall mainly
use only the course-aspect angle assuming zero pitch and roll angles, herein-
after called the aspect angle.

1.3.3 Coordinate Systems and Coordinate Transforms Accounting
for Earth’s Curvature

The target orientation angles u, g were measured relative to a horizontal
plane common to radar and target. As the target’s distance grows, the hori-
zontal plane tangent to the spherical surface underlying the target rotates
relative to the horizontal plane at the radar. To employ the results of Section
1.3.2, let us introduce an auxiliary coordinate system O rad X ′Y ′Z ′ with
origin in the point O rad of the radar position. It corresponds to the rotation
of the coordinate system O rad XYZ in the O radO tgOE ‘‘radar-target-Earth’s
center’’ plane. The axis O radY is converted into the O radY ′ one parallel to
the OEO tg line that passes through the Earth’s center OE and the target
coordinate system origin O tg [Figure 1.4(a)]. As it was before, the orientation
angles u, g can be measured relative to the horizontal plane O rad X ′Z ′ of
the auxiliary coordinate system O rad X ′Y ′Z ′. All this allows us to employ
the results of Section 1.3.2. An additional problem, however, arises when



15Foundations of Scattering Simulation on Centimeter and Decimeter Waves

Figure 1.4 (a) The ‘‘radar-target-Earth’s center’’ O radO tgO E plane, coordinate axes O radY,
O radY ′ lying in this plane and traces O radXZ , O radX ′Z ′ of coordinate axes’
intersection with O radO tgO E plane. (b) The radar horizon plane O radXZ , projec-
tion O ′tg of target coordinate system origin onto it and vector w of coordinate
system O radXYZ rotation into O radX ′Y ′Z ′.

converting data from O rad X ′Y ′Z ′ into O rad XYZ coordinate system, and
inversely.

For a solution to this problem, let us introduce the rotation vector w
[Figure 1.4(b)] with the absolute value of the ‘‘radar-target’’ geocentric angle
[Figure 1.4(a)]. Vector w is oriented perpendicularly to the rotation plane,
so that rotation by angle w is seen counterclockwise for an observer at its
end. For given target azimuth b , this vector has components 0, −w cosb ,
and w sinb along the axes O radY, O radZ, and O rad X.

Repeating the considerations connected with Figure 1.3 and (1.13)
through (1.15), one may obtain the recalculation matrix H(0, −w cosb ,
w sinb ) from the main radar coordinate system O rad XYZ into the auxiliary
one O rad X ′Y ′Z ′. The recalculation matrix from the main radar coordinate
system into the target one is reduced to the matrix product H(0, −w cosb ,
w sinb )H(c , u, g ). Equation (1.16) for the unit vector of incident vector
recalculation into target coordinate system becomes

||R 0
j R 0

h R 0
z ||

T
= (1.19)

HT(c , u , g )HT(0, −w cosb , w sinb ) ||R 0
X R 0

Y R 0
Z ||

T
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The geocentric angle w ≈ −L /R ef introduced above and entered into (1.19)
is determined by the target range L along the curved Earth and effective
Earth radius R ef.

1.3.4 Peculiarities of the Simplest Component Method Employment

An airframe is described using its drawing, and its moving parts are described
on the basis of their parameters (Section 1.5). The target surface is divided
into N S = 60, . . . , 200 independent elementary surfaces F (rn ) = Fn (x n ,
yn , z n ) = 0, n = 0, 1, 2, . . . , N S − 1, considered as conductive [2, 3, 8]
and called approximating surfaces of the first kind. They are described with
limited double curved surfaces, straight or bent wedges, cones, truncated
cones, cylinders, tori, ogives, and plates in their own local coordinate systems
On x n yn z v (Figure 1.5).

A point on the n th first-kind surface is presumed to belong to the
target if it lies inside some auxiliary limiting surfaces Fnk (rn ) < 0, k = 0, 1,
2, . . . , K n − 1. Here, k is the number of a surface Fnk limiting the n th
scattering surface, and K n is the overall number of such surfaces. Each
approximating and limiting surface is defined originally in its local (canon-
ical) coordinate system On x n yn z n with the equations Fn (rn ) = 0 and
Fnk (rn ) = 0. For example, part of a cylindrical surface (Figure 1.6) given
by the equation Fn (rn ) = Fn (x n , y n , z n ) = x2

n /a2
n + y2

n /b2
n = 0 can be limited

Figure 1.5 Clarification of target surface description with the simplest components. The
two kinds of approximating surfaces are shown here: the first kind used to
calculate the backscattering and to consider shadowing (masking); the second
kind used to consider shading only.
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Figure 1.6 Example of the cylindrical surface limited with two planes.

by a pair Kn = 2 of planes Fnk (r) = x n − c n ± d n = 0, k = 1, 2 normal to
its axis. The pair of planes can be described by the equation of an elliptical
cylinder Fnk (rn ) = (x n − c n )2 − d n

2 = 0 having the second infinite axis.
Parameters an , b n correspond here to the approximating surface, and parame-
ters c n , d n to the limiting ones. Such a method of introducing the limiting
surfaces was widely used in the design of simulation programs.

Along with the natural problem of target element’s RCS representation,
the problems of shadowing of some of their elements with others have to
be solved as well.

For the solution of the first problem, the target’s fuselage is approxi-
mated by two paraboloids and a cylinder. Wing edges and those of the tail
group are approximated by wedges; their parameters are the length and
the external angle in radians. Fractures at the quadric surface joints are
approximated with wedges by curved ribs. The external aperture and radius
of curvature must be specified in this case. The edges of the air intakes are
approximated by torus parts or thin wedges. The engine compressor and
turbine blade, and propeller blade approximations are considered below
(Section 1.5). Onboard antennas can be described by their parameters:
coordinates of their centers, unit vectors normal to the apertures, operational
wavelengths, and focal distances (for reflector antennas).

For the solution of shadowing problems Yu. V. Sopelnik introduced
approximating surfaces of the second kind Cm (rn ) = 0, m = 0, 1, 2, . . . ,
Mm − 1. They must have a quadric form and be adjacent to some sharp
elements, embracing them (Figure 1.5). Their quadric form makes it easier
to consider the shadowing (see Section 1.3.6). Quadric approximating
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surfaces of the first kind can be used as approximating surfaces of the second
kind.

One or several bright points, bright lines, or bright areas (see Section
1.3.6) can substitute for each n th scattering element. The number of
accounted bright elements N ≠ N S varies due to the shadowing and specular
reflection effects. For the plane surfaces one must be careful in neglecting
the shadowed bright points (see Section 1.5.3).

1.3.5 General Equations of Scattering for the Far-Field Zone and
Arbitrary Signal Bandwidth-Duration Product

Angular resolution of target elements is not assumed. We consider the
following:

1. Coordinate and orientation changes of the target and target ele-
ments, accompanied by the doppler transform (1.8), when neglect-
ing Earth’s curvature;

2. The polarization transform (1.3) through (1.5);

3. Matched processing (filtering) of partial reflections;

4. Superposition of reflections X (t ) at the output of the linear part of
the receiver;

5. System linearity, justifying the change of the order of calculation of
the matched processing and reflections’ superposition consideration
described in (3) and (4) above;

6. Possible covering of some bright elements with radar absorbing
material (RAM);

7. Possible spacing L of the receiving antenna from the transmitting
one as in the case of bistatic radar. In case of the simplest monostatic
radar, mainly considered in the book, the value L = 0 will be used.
In case of more general monostatic radar with a separate receiving
antenna small values of L other than zero will be taken into con-
sideration, for instance in the glint simulation.

We do not discuss here ultra-wideband signals and Earth-surface influ-
ence. Modification of computations in the ultra-wideband case will be
considered in Chapter 2. Low-altitude aerial targets will be considered in
Chapter 5.
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General Equation
The factors considered lead to the following general equation:

Ė (t , L) = (p0
rec)

*TF∑
N

i=1
Ai (R

0, L)U (t − Dt i )e −j2p fDti 10−Q Abi /20Gp0
tr

(1.20)

Here,

Ai (R0, L) is the polarization scattering matrix (1.3) of the i th bright
element in the radar basis. For small values L it will be assumed that
Ai (R0, L) ≈ Ai (R0);
p0

rec , p0
tr are the polarization vectors (1.4) of the receiving and transmit-

ting antennas;
U (t ) is the value of complex envelope of the matched filter’s output
at a time t ;
Dt i = [ |Ri (t ) | + |Ri (t ) − L | ]/c is the delay corresponding to the i th
bright element;
Ri (t ) = R(t ) + r i (t ) is the radius-vector of the i th bright element in
the radar coordinate system;
R(t ) is the radius-vector of the target coordinate system origin in the
radar one;
r i (t ) = r n (t ) + ri (t ) is the radius-vector of the i th bright element in
the target coordinate system;
r n (t ) is the radius-vector of the n th local coordinate system origin in
the target one;
ri (t ) is the radius-vector of the i th bright element in the n th local
coordinate system;
f is the carrier frequency;
c is the velocity of light in free space;
QAbi is the absorption coefficient in dB of the i th bright element’s
RAM covering for the given carrier frequency and signal bandwidth.

Linear Approximation of the General Equation. This accounts for small values
of L in the case of a separate receiving antenna (Section 6.2) and takes the
form

Ė (t , L) ≈ Ė (t , 0) + LT dĖ (t , 0)
dL

, where
dĖ (t , 0)

dL
=

dĖ (t , L)
dL |

L=0
(1.21)
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Let us mention that the vector derivative of a scalar function f (x , y ,
z ) = f (r), where r = xx0 + yy0 + zz0, is the gradient of this function
df
dr

=
df
dx

x0 +
df
dy

y0 +
df
dz

z0 = grad f (x , y , z ).

The Operational Form of the General Equation. It is convenient for its suc-
ceeding development under conditions of wave propagation above the under-
lying surface (Section 6.2). It is defined by a set of equations for E (t , 0) =
E (t ):

E (t ) = E
∞

0

E (p )e ptdp , E (p ) = (p0
rec)

*TA(p )p0
trUv (p ), (1.22)

Uv (p ) = E
∞

0

[U (t )e jv t ]e −ptdt

where A(p ) is the operational form of the target polarization scattering matrix

A(p ) = ∑
N

i=1
Ai (R

0)e −pti10−Q Abi /20 (1.23)

1.3.6 Use of the Simplest Components’ Initial Data

The exact calculation of the scattered electromagnetic field for some simplest
bodies is carried out using solutions to Maxwell’s equation. Exact solutions
to scattering (diffraction) problems are known only for the simplest cases.
Such problems are known as ‘‘model’’ (ellipsoid, sphere, cylinder, wedge,
half-plane) problems and are solved by methods of mathematical physics.
The solutions are used for:

• The evaluation of principal limitations to succeeding approxima-
tions;

• The construction of approximate methods of short-wave asymptotic
calculation (geometric and physical optics, geometrical and physical
diffraction theories) based partly on the ‘‘model’’ solutions.

It is not necessary to discuss these theories here in detail because of
their excellent exposition given by E. F. Knott and others in [2]. Let us
consider available data about the bright elements given in Tables 1.1 through
1.3 [2–4, 7, 8, 16].
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Table 1.1
Expressions for the Specular Point and Line Coordinate Calculation of Smooth Surfaces

No. Surface Type Surface’s Canonical Equation ‘‘Bright’’ Point Coordinates*

1. Ellipsoid x 2

a 2 +
y 2

b 2 +
z 2

c 2 = 1 x = −
R 0

x a 2

U ; y = −
R 0

y b 2

U ; z = −
R 0

z c 2

U ;

U = √(R 0
x )2a 2 + (R 0

y )2b 2 + (R 0
z )2c 2

2. Elliptical paraboloid z 2

p +
y 2

q = 2x x =
1
2Sp

(R 0
z )2

(R 0
x )2 + q

(R 0
y )2

(R 0
x )2D; y = −q

R 0
y

R 0
x

; z = −p
R 0

z

R 0
x

3. Two-cavity hyperboloid z 2

c 2 +
y 2

b 2 −
x 2

a 2 = −1 x = −
R 0

x a 2

U ; y = −
R 0

y b 2

U ; z = −
R 0

z c 2

U ;

U = √(R 0
x )2a 2 + (R 0

y )2b 2 + (R 0
z )2c 2

4. Elliptical cylinder z 2

c 2 +
y 2

b 2 = 1 x 1 = 0; x 2 = 1; y 1 = y 2 = −
R 0

y b 2

U ; z 1 = z 2 = −
R 0

z c 2

U ;

U = √(R 0
y )2b 2 + (R 0

z )2c 2

5. Parabolic cylinder y 2 = 2pz
x 1 = 0; x 2 = 1; y 1 = y 2 = −p

R 0
y

R 0
z

; z 1 = z 2 =
p
2 SR 0

y

R 0
z
D2

;

*For cylindrical and conical surfaces, the coordinates of two points are forecited that determine the limits of bright line.
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Table 1.1 (continued)

No. Surface Type Surface’s Canonical Equation ‘‘Bright’’ Point Coordinates*

6. Hyperbolic cylinder z 2

c 2 −
y 2

b 2 = 1 x 1 = 0; x 2 = 1; y 1 = y 2 = −
R 0

y b 2

U ; z 1 = z 2 =
R 0

z c 2

U ;

U = √(R 0
z )2c 2 − (R 0

y )2b 2

7. Elliptical cone z 2

c 2 +
y 2

b 2 −
x 2

a 2 = 0 x 1 = y 1 = z 1 = 0; x 2 = a ; y 2 = −
R 0

y b 2

U ; z 2 =
R 0

z c 2

U ;

U = √(R 0
y )2b 2 + (R 0

z )2c 2

8. Hyperbolic paraboloid** z 2

p −
y 2

q = 2x x =
1
2Sp

(R 0
z )2

(R 0
x )2 − q

(R 0
y )2

(R 0
x )2D; y = −q

R 0
y

R 0
x

; z = p
R 0

z

R 0
x

*For cylindrical and conical surfaces, the coordinates of two points are forecited that determine the limits of bright line.
**The applicability of a hyperbolic paraboloid model in simulation is hampered by the alterable sign of its surface curvature. The bright point spreads out onto
the bright line in this case, and the use of equation (1.26) becomes incorrect. It would be more legitimate to divide the curved bright line onto a set of small
straight lines belonging to short cylinders of corresponding curvature radii.
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Table 1.2
Expressions of Curvature Radii and Other Parameters of Smooth Surfaces

Canonical Parametric Inverse Parametric
No. Surface Type Equation Equation Equation Expressions of the Curvature Radii
1 2 3 4 5 6

1. Ellipsoid x = a sinv cosu ; R 1 = 1/k 1; R 2 = 1/k 2;
u = atanSay

bx D;x 2

a 2 +
y 2

b 2 +
z 2

c 2 = 1
y = b sinv sinu ; k 1 = H + √H 2 − K ; k 2 = H − √H 2 − K ;
z = c cosv v = acosSz

cD H =
1
2

l ? G + nE − 2mF

(EG − F 2)3/2 ; K =
l ? n − m 2

(EG − F 2)2 ;

G = (a cosu cosv )2 + (b cosv sinu )2 + (c sinv )2;

E = (a sinu sinv )2 + (b sinv cosu )2;

F = cosu sinu cosv sinv (b 2 − a 2);

l = abc sin3v ; m = 0; n = abc sinv ;

2. Elliptical R 1 = 1/k 1; R 2 = 1/k 2;x = v 2/2; u = atanSy
z √p

qD;z 2

p +
y 2

q = 2xparaboloid
y = √q v sinu ; k 1 = H + √H 2 − K ; k 2 = H − √H 2 − K ;

v = √2x
z = √p v cosu

H =
1
2

l ? G + nE − 2mF

(EG − F 2)3/2 ; K =
l ? n − m 2

(EG − F 2)2 ;

G = v 2 + q sin2u + p cos2u ;

E = v 2 (q cos2u + p sin2u );

F = v cosu sinu (q − p );

l = √pqv 3; m = 0; n = −√pqv
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Table 1.2 (continued)

Canonical Parametric Inverse Parametric
No. Surface Type Equation Equation Equation Expressions of the Curvature Radii
1 2 3 4 5 6

3. Two-cavity x = a coshv ; R 1 = 1/k 1; R 2 = 1/k 2;
u = atanScy

bzD;z 2

c 2 +
y 2

b 2 −
x 2

a 2 = −1hyperboloid y = b sinhv sinu ; k 1 = H + √H 2 − K ; k 2 = H − √H 2 − K ;
z = c sinhv cosu v = ln(x /a + √(x /a )2 − 1)

H =
1
2

l ? G + nE − 2mF

(EG − F 2)3/2 ; K =
l ? n − m 2

(EG − F 2)2 ;

G = (a sinhv )2 + (b coshv sinu )2

+ (c coshv cosu )2;

E = (a sinhv cosu )2 + (c sinhv sinu )2;

F = coshv sinhv cosu sinu (b 2 − c 2);

l = abc sinh3v ; m = 0; n = abc sinhv

4. Elliptical y = b sint ;z 2

c 2 +
y 2

b 2 = 1 R =
b 2c 2( y 2/b 4 + z 2/c 4)3/2

z 2/c 2 + y 2/b 2cylinder z = c cost

5. Parabolic y = t ;y 2 = 2pz
R =

( y 2 + p 2)3/2

p 2cylinder
z =

t 2

2p
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Table 1.2 (continued)

Canonical Parametric Inverse Parametric
No. Surface Type Equation Equation Equation Expressions of the Curvature Radii
1 2 3 4 5 6

6. Hyperbolic y = b sinht ;z 2

c 2 −
y 2

b 2 = 1 R =
b 2c 2 ( y 2/b 4 + z 2/c 4)3/2

|z 2/c 2 − y 2/b 2 |cylinder z = a cosht

7. Elliptical cone x = av ;
u = atanSyc

zb D;z 2

c 2 +
y 2

b 2 −
x 2

a 2 = 0 R =
b 2c 2 + c 2a 2 sin2u + b 2a 2 cos2u )3/2v

(c 2 cos2u + b 2 sin2u + a 2)abcy = bv sinu ;

z = cv cosu v =
x
a

8. Hyperbolic R 1 = 1/k 1; R 2 = 1/k 2;
x =

1
2 v 2; u =

1
2 ln

1 + b
1 − b ,z 2

p −
y 2

q = 2xparaboloid
k 1 = H + √H 2 − K ; k 2 = H − √H 2 − K ;

y = √p v coshu ; where b =
z
y√p

q ;
z = √q v sinhu H =

1
2

l ? G + nE − 2mF

(EG − F 2)3/2 ; K =
l ? n − m 2

(EG − F 2)2 ;v = √2x

G = v 2 + p cosh2u + q sinh2u ;

E = v 2 (p sinh2u + q cosh2u );

F = v coshu sinhu (p + q );

l = √pqv 3; m = 0; n = −√pqv
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Table 1.3
Geometric Parameters and RCSs of Ideally Conducting Surfaces’ Bright Elements

Reflector RCSs of Ideally Conducting Surfaces’
No. Type Geometry Parameters ‘‘Bright’’ Elements
1 2 3 4 5

1. Double curved F (x , y , z ) = 0 −
surface surface equation.
[4, Ch. 4] s = p

S∂F
∂xD

2

+ S∂F
∂yD

2

+ S∂F
∂zD

2

−Q |
P0

P 0 = P 0(x 0, y 0, z 0) −
‘‘bright’’ point

where Q =

∂2F

∂x 2
1
2

∂2F
∂x∂y

1
2

∂2F
∂x∂z

∂F
∂x

1
2

∂2F
∂x∂y

∂2F

∂y 2
1
2

∂2F
∂y∂z

∂F
∂y

1
2

∂2F
∂x∂z

1
2

∂2F
∂y∂z

∂2F

∂z 2
∂F
∂z

∂F
∂x

∂F
∂y

∂F
∂z 0

2. Ogive in 0 ≤ u < p /2 − a .
s (u ) =

l 2tan4a

16p cos6u (1 − tan2a ? tan2u )3[4, Ch. 4,
eqs. 5–7]

in u = p /2 − a .
s (p /2 − a ) =

a 2

4p tan2(a /2)

in |p /2 − a | < u ≤ p /2
s (u ) = pR 2S1 −

R − a
R sinuD Here and below l is

the wavelength.
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Table 1.3 (continued)

Reflector RCSs of Ideally Conducting Surfaces’
No. Type Geometry Parameters ‘‘Bright’’ Elements
1 2 3 4 5

3. Torus in u = 0,
s =

8p 3ba 2

l[4, Ch. 4,
eqs. 39–41]

in u > 0.
s 1(u ) = pS ba

sinu
+ b 2D; s 2(u ) = pS ba

sinu
− b 2D

If 0 ≤ |cosu | ≤ b /2a
then s 2 is absent.

4. Wedge with s || is the RCS for the
straight rib of L case when vector E iss ||,⊥ =

L 2

p |sinp /n
n FScos

p
n − 1D−1

7 Scos
p
n − cos

2u
n D

−1G|
2

.
length parallel to the rib; s ⊥

is the RCS for thewhere n = a /p .
case when vector H isIf the direction of incidence differs from the normal to the
parallel to the rib. Thisrib by a small angle db (not shown), then
formula is true for the
directions of diffractions nonnormal

s normal
= g 2 ≈

l 2

8p 2L 2(db )2 .
lying on the Keller
cone and being far
from those of specular
reflection from the
wedge faces.
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Table 1.3 (continued)

Reflector RCSs of Ideally Conducting Surfaces’
No. Type Geometry Parameters ‘‘Bright’’ Elements
1 2 3 4 5

5. Wedge with This formula is true for
curved rib the directions ofs ||,⊥ =

a
k cosv |Scos

p
n − 1D−1

7 Scos
p
n − cos

2u
n D

−1|
2

.
diffraction lying on the
Keller cone and beingwhere n = a /p ,
far from those ofa is the curvature radius in the point of diffraction,
specular reflectionv is the angle between the principle normal to the rib in
from the wedge faces.the diffraction point and the direction of diffraction.

6. Thin cylinder Two ‘‘brilliant’’ points
s 1,2 =

l 2tan2u cos4F

16pFSp
2D

2

+ ln2S l
1.78pd sinuDG

, u ≠ 90°;(wire of length shifted by l /(8 sinu )
L and diameter from the ends of the
d ) wire;
[4, Ch. 4, F is the angle
eqs. 26 and 27] between the cylinders S =

pL 2cos4F

Sp
2D

2

+ ln2S l
1.78pdD axis and vector E in

linear polarization

in normal incidence to wire’s axis. Both equations are given
for L > (2, . . . , 3)l ; d ≤ (1/10, . . . , 1/8)l .
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Table 1.3 (continued)

Reflector RCSs of Ideally Conducting Surfaces’
No. Type Geometry Parameters ‘‘Bright’’ Elements
1 2 3 4 5

7. Cylindrical Angle u i takes the
surface. s i ||,⊥ =

ai
k sinu Fsinp /n

n SScos
p
n − 1D−1

value 0 or p /2 in this
Disk is case
accounted for Here and below, k =

7 Scos
p
n − cos

2(u + u i )
n D−1DG2

.separately. 2p /l is the wave
number

Here, n = 3/2; ai is the curvature radius in the point S 1 (S 2);
u i is the angle between the wedge reference face and
‘‘brilliant’’ line.
For u = p /2 s = kaL 2. In normal incidence to the generatrix.

8. Truncated cone
surface s i ||,⊥ =

ai
k sinu Fsinp /n

n SScos
p
n − 1D−1

[3, Ch. 6,
eqs. 6.3–61].

7 Scos
p
n − cos

2(u − u i )
n D−1DG.Disk is

accounted for
Here, n = 3/2 + a /p ;separately.
ai is the curvature radius in the point S 1 (S 2, S 3, S 4,);
u i is the angle between the wedge reference face and
cone’s axis.

In normal incidence to
s (u⊥) =

8pa0L 2

9l S1 + Sa2 − a1
L D2D3/2

. the generatrix

where a0 = Sa3/2
2 − a3/2

1
a2 − a1 D

2

;

Condition of normal
u⊥ =

p
2 − atan[(a2 − a1)/L ].

incidence
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Table 1.3 (continued)

Reflector RCSs of Ideally Conducting Surfaces’
No. Type Geometry Parameters ‘‘Bright’’ Elements
1 2 3 4 5

9. Tip
s =

l 2tan4a

16p cos2u
for u ≤ a[4, Ch. 4,

eq. 82]

10. Disk a > 2l ,
s (u ) = s mH[L1(2ka sinu )]2 + FJ2(2ka sinu )

ka G2J, |u | < 80°.

where s m = 4p 3a 4/l 2, L1(x ) = 2
J1(x )

x .
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Table 1.3 (continued)

Reflector RCSs of Ideally Conducting Surfaces’
No. Type Geometry Parameters ‘‘Bright’’ Elements
1 2 3 4 5

11. Luneberg lens in sector 2g 0s m = 4p 3a 4/l 4

12. Surface p is defined as a ratio
traveling wave s =

g 2l 2

pQ 2 H sinu
1 − p cosu

sinFkL
2p (1 − p cosu )GJ4

cos4F, of the body length to
[4, Ch. 4, the current path length
eqs. 72 and 73] along the surface;

Q = −
2

p 2 +
cin[(kL /p )(1 + p )] − cin[(kL /p )(1 − p )]

p 3 If p = 1,

Q = lnS4pL
l D − 0,4228;+

1

2p 3H(p − 1) cos[(kL /p )(1 + p )] + (p + 1) cos[(kL /p )(1 − p )]

g = 1/3 for edges, thin
rods, thin spheroid;+ (p 2 − 1)

kL
p (si[(kL /p )(1 + p )] − si[(kL /p )(1 − p )]J

g = 0.7 for the ogive;
Maximum of s isHere, cin(x ) is the modified integral cosine;
observed ifsi(x ) is the integral sine;
u ≈ 49.35√l /Lg is the voltage reflection coefficient;
degrees.p is relative phase velocity;

L is the length of thin body (edge);
F is the angle between vector E and projection of body axis
on the wave front
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Table 1.3 (continued)

Reflector RCSs of Ideally Conducting Surfaces’
No. Type Geometry Parameters ‘‘Bright’’ Elements
1 2 3 4 5

13. Creeping wave For ka varying from 1s ≈ pa 21.03(ka )−5/2.
for sphere to 15

Here, a is the sphere radius.[4, Ch. 4, eq. 71]

14. Specular Condition of
s =

pr 11 r 12 r 21 r 22

d 2 sin(2g 1)Fsin(2g 1) +
r 21
d cosg 1 +

r 11
d sing 1G

F2 +
r 12
d cosg 1 +

r 22
d sing 1G

,interaction interaction:
[4, Ch. 4, 2g 1 + 2g 2 = p ,
eq. 66]

cos g 1 = |R0 ? n1 |,

cos g 2 = |R0 ? n2 |.
where r ij is the j th curvature radius of i th surface reflector.
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Two types of bright elements—specular and edge elements—must be
distinguished.

Specular elements, points, and lines are typical of smooth surfaces,
such as quadric ones. Their positions are changed with a change of scattering
direction (Table 1.3, items 1–3, 5, 7, 8, 11, 14, and partly 10). So, Table
1.1 contains expressions for the bright element coordinate calculation of
eight ideally conductive smooth approximating surfaces. As it can be seen
from Table 1.1, some objects have several bright points forming bright lines
(items 4–8 of Table 1.3). Corresponding expressions for radii of curvature
and other parameters are given in Table 1.2.

Edge bright points and lines have fixed positions on the body and are
typical of objects with knife (Table 1.3, items 4–6 and 10 partly) and lance
edges (Table 1.3, item 9).

In addition to Table 1.2, let us give some complementary considera-
tions. The so-called stationary phase points define the bright points and lines.
At each point rn the front of a flat incident wave is a tangent to the convex

surface Fn (rn ) = 0 and normal to the vector R0 = ||R 0
x , R 0

y , R 0
z ||T, where

R 0
x , R 0

y , R 0
z are direction cosines. The condition of colinearity of vectors

grad F and R0 is

1

R 0
x

dF
dx n

=
1

R 0
y

dF
dyn

=
1

R 0
z

dF
dz n

(1.24)

Data from Table 1.2 satisfy (1.24) and the surface equation Fn (rn ) =
Fn (x n , y n , z n ) = 0.

1.3.6.1 Vector Transformations and Calculations

Transformation (1.12) through (1.18) of the incident wave’s unit vector
into the arbitrary n th local coordinate system precedes the use of initial
data. Coordinate vectors ri of each i th bright element are then calculated
for all approximating surfaces n = 0, 1, 2, . . . , N S − 1 by means of data
from Tables 1.1–1.3. Each of the isolated bright points and several points
of bright lines are checked for membership in the appropriate n th target
element and for absence of shadowing.

Checking for the i th bright point belonging to the n th target element
is provided by verification of inequality Fnk (ri ) < 0, where k = 0, 1, 2, . . . ,
Kn − 1.



34 Computer Simulation of Aerial Target Radar

1.3.6.2 Checking for Absence of Shadowing

It is provided by verification for absence of intersection of the line-of-sight
r(s ) = ri − sR0 = 0, drawn from the radar to the i th bright point, with
limited parts of other approximating surfaces of the second kind. If such
intersection takes place, parameter s can be found as a real positive solution
of the equation

Cg [r(s )] = rT(s )Pg r(s ) = C (1.25)

where Pg is the 3 × 3 matrix for coefficients of the canonical equation of
the g th surface Cg [?] = C, C = const. All this leads to quadratic equation

as2 + 2bs + c = 0, where a = R0TPg R0, b = R0TPg ri , c = rT
i Pg ri − C

with solutions s1,2 = (−b ± √b2 − ac )/a. Its real positive solution implies
that the correspondent bright point is shadowed. Shadowing of bright lines
and bright areas is verified individually, in steps Dl and DS , respectively.

1.3.6.3 PSM of Unshadowed Bright Points and Lines for Arbitrary Smooth
Surfaces

The RCS of a bright point can be obtained for the short-wave case from
the simple equation

s = R1R2 (1.26)

where R1 >> l and R2 >> l are the principal radii of curvature. Such radii
for quadric surfaces can be found in Table 1.2. Since quadric surfaces have
identical values of RCS s i in their own polarization basis, the PSM in this
basis is Mi = diag(√s i , √s i ) = √s i ? I. Here, diag(a, b ) is a diagonal
matrix and I is the identity matrix. The PSM of i th bright point in the
arbitrary polarization basis for R1,2 >> l is

Ai = √s i U*TIU = Mi (1.27)

due to unitarity of matrix U in (1.6).
PSM of the unshadowed edge bright line is described by two un-

equal values of RCS in its own polarization basis; so, the PSMs can be found
from the data in Tables 1.1 through 1.3 in the form of equation
Mi = diag(√s ||i , √s ⊥i ).
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Let us use a pair of unit vectors l0, m0, determined by (1.4), orthogonal
to each other and to unit vector R0. Let us consider also the unit vector l0i
parallel to the rib of the knife-edge surface. Transforming it with (1.15),
(1.16)

|| l 0
Xi l 0

Yi l 0
Zi ||

T
= H(c, u , g )HT(c n , u n , g n ) || l 0

xi l 0
yi l 0

zi ||
T

(1.28)

into radar coordinate system, we can find the scalar product ((l0i )TR0 ) and
finally the product ((l0i )TR0 )R0 that is the vector orthogonal to the wavefront
(WF) plane. The difference l0i − ((l0i )TR0 )R0 is the vector component of l0i
vector in the wavefront plane (Figure 1.7). The angle w i between this
component and vector l0 is determined by expression

cosw i = {l0
i − ((l0

i )TR0 )R0 }l0/ | l0
i − ((l0i )TR0 )R0 | (1.29)

Whether w i is positive or negative is determined by whether the scalar
product of the determined vector component and vector m0 is positive or
negative. Matrix Ui of polarization basis rotation and PSM Mi in the target’s
polarization basis are then used to evaluate PSM Ai in the radar polarization
basis

Ai = Ui
*TMi Ui , Ui = ||cosw i −sinw i

sinw i cosw i || (1.30)

Figure 1.7 To the PSM of the unshaded edge specular line calculation.
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1.3.6.4 Evaluation of the Whole Backscattered Signal

For scalar products R i
T(t )R0 calculation, the coordinates of unshadowed

bright points are transformed according to (1.13) into a common (target
body’s or radar’s) coordinate system. For the target body’s coordinate system,
such calculation is provided by using (1.15), which allows the whole backscat-
tered signal (1.20) to be evaluated.

1.3.7 Application Limits of the Simplest Component Simulation
Method

The illustration (Figure 1.8) of several scattering mechanisms [2] is conve-
nient in this case. The following mechanisms are shown: specular surface
return, cavity return, interaction echo, edge diffraction, gap and seam echo,
corner diffraction, tip diffraction, traveling and creeping wave echoes, and
curvature discontinuity return. In the chosen frequency band—centimeter
and short decimeter waves—the most essential mechanisms are as follows:
specular surface return, interaction echo, edge diffraction, tip diffraction,

Figure 1.8 Several scattering mechanisms illustrated on the basis of the airframe of the
Tu-16 aircraft (After: [2, Figure 1.6]).
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corner diffraction that can be accounted for (as it was shown above), and cavity
returns (including those of antennas and cockpits) that will be accounted for
in Section 1.5 together with those of rotating structures. All these effects
are considered in the program that will be issued after this book. The
curvature discontinuity return was omitted due to its small contribution in
the considered cases of nonstealth targets. Traveling and creeping waves
(Table 1.3) are considered in the program only to the extent necessary to
approximate simulation in the chosen frequency band. The model elaboration
in the direction of using the longer waves remains a problem to solve. A
comparison between using the simplest components method and some other
methods of physical optics is given in Chapter 7.

1.4 Peculiarities of the Target Motion Simulation

The simulation of target motion has to take into account its influence on
the backscattered signal (1.20). Target motion in the atmosphere depends
on: (1) the kinematics of deterministic motion of the target mass center and
target rotation relative to the line-of-sight (Section 1.4.1), and (2) the statisti-
cal characteristics of atmosphere and the dynamics of target-atmosphere
interaction (Section 1.4.2). Only the kinematics of target mass center motion
and the target orientation change connected with it can be used for the
moderate bandwidth-duration product of signals or the calm atmosphere.
Statistical dynamics of target yaws due to wind gusts limit coherence time
of the signal, particularly that of very large duration and bandwidth. We will
consider these questions in Section 1.4.2. Most of the simulation examples of
target yaws’ influence on signals will be given in Chapter 2 for the wideband
signals and in Chapter 3 for narrowband ones. Statistical dynamics of the
target mass center displacements (due to wind gusts) act on an arbitrary
signal weaker than yaw and, therefore, will be neglected.

1.4.1 Deterministic Target Motion Description in Accounting for
Earth’s Curvature

Target mass centers’ Cartesian coordinates X , Y , Z can be recalculated from
those in radar spherical system using (1.12). The kinematics considered is
described by the vector differential equation dR/dt = V(t ), where the velocity
vector V(t ) has only one nonzero component in the target velocity coordinate
system (since vector V(t ) has no diameter, its roll angle is meaningless).
According to (1.12), (1.16), and (1.19) one can obtain
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d
dt

||X (t ) Y (t ) Z (t ) ||
T

= H(0, −w cosb , w sinb )

? H(c − d ′, u − d″, 0) ||v (t ) 0 0 ||
T
, (1.31)

dw
dt

=
v (t )
R ef

cos(c − d ′ ) cos(u − d″ )

where d ′ and d″ are the aircraft’s crab angle and angle of attack, which are
normally small.

The target orientation is presented in the general case of unsteady
movement by the following functions:

c = c (t ), u = u (t ), g = g (t ) (1.32)

or in the steady-state movement case by the following equations:

c = const, u = const, g = const. (1.33)

In the general case of unsteady movement, one can determine from
(1.31) the Cartesian coordinate increments for small time intervals t n − t n−1
in the form

||Xn − Xn−1 Yn − Yn−1 Zn − Zn−1 ||
T

≈ H(0, −wn−1 cosbn−1, wn−1 sinbn−1) (1.34)

? H(cn−1 − d ′n−1, un−1 − d″n−1, 0) ||nn−1 0 0 ||
T
(t n − t n−1 )

The small Cartesian coordinates’ increments Xn − Xn−1, Yn − Yn−1,
Zn − Zn−1 can be recalculated into spherical ones Rn − Rn−1, bn − bn−1,
en − en−1 after introducing the recalculation matrix G(R , b , e ). Using
(1.12), we obtain

G(R , b , e ) = || ∂X /∂R ∂X /∂b ∂X /∂e

∂Y /∂R ∂Y /∂b ∂Y /∂e

∂Z /∂R ∂Z /∂b ∂Z /∂e
|| (1.35)

= ||cose cosb −R cose sinb −R sine cosb

sine 0 R cose

cose sinb R cose cosb −R sine sinb
||
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Applying the inversion of the recalculation matrix G(R , b , e ), we
obtain the approximate recurrent equation, which determines the current
target range Rn and radar-target line of sight bn , en orientation,

||Rn − Rn−1 bn − bn−1 en − en−1 ||
T

= G−1(Rn−1, bn−1, en−1)H(0, −wn−1 cosbn−1, wn−1 sinbn−1)

? H(cn−1 − d ′, un−1 − d″, 0) ||vn−1 0 0 ||
T
(t n − t n−1)

(1.36)

wn − wn−1 =
V (t n − t n−1)

R ef
cos(cn−1 − d ′n−1) cos(un−1 − d″ )

(1.37)

Equation (1.36) can be used both for unsteady- and steady-state target
motion.

1.4.2 Statistical Properties of Atmosphere and Dynamics of Target-
Atmosphere Interaction

The moving target observes a wind opposite to its velocity vector V even in
the calm atmosphere. Turbulent atmosphere heterogeneity described by its
statistics leads to the wind gust formation and angular target yaws as a result
of the target-atmosphere interaction. Yaw of the target moving with the
mean velocity described by vector V is caused by the wind gust component
DV⊥, orthogonal to V. As it is shown in Figure 1.9, an angle m occurs
between the air flux direction and the vector (−V) direction. A torque rotating
the target arises in order to decrease the angle m . In addition to the target
steady-state crab angle d ′ and angle of attack d″, yaw occurs because of the
changing wind gust components DV⊥ along the flight path. Having been
worked out by the target control system that includes the pilot or autopilot,

Figure 1.9 To the formation of an angle between the direction of the blowing air flux and
vector (−V), opposite to the target velocity, due to the action of wind gust
component DV⊥, transverse to vector (−V).
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the yaw is decreased. But this decrease is incomplete, and remaining yaw
acts on the backscattered extended signals.

The block diagram of yaw simulation (Figure 1.10) is used separately
for each of the Cartesian coordinates. Its first element (Figure 1.10) is the
sample generator of white Gaussian noise of unit spectral density. The second
element is a dynamic unit of the second order with the transfer function
K atm(p ), which simulates wind gust components DV⊥ taking into account
their spatial correlation in the atmosphere. The third element is a dynamic
unit of zero order with a transfer function K m (p ) = 1/V = const describing
the angle m between the directions of air flux and vector (−V). The fourth
element is a dynamic unit of second order with a transfer function K tg(p ),
taking into account peculiarities of aerodynamic forces acting on the target,
the target’s inertial characteristics, and the smoothing effect of the pilot or
autopilot.

Wind gust simulation is provided on the basis of the transfer function
[17]:

K atm(p ) = √ 3
aDt

? s Dv ?

p +
1

a√3

p2 +
2p
a

+
1

a2

(1.38)

where a = L /V is the ratio of the atmosphere turbulence scale L to the mean
target velocity V, and s Dv is the wind gust velocity standard deviation.
Estimated mean and maximum values of turbulence scale are Lmean ≈ 400m
and Lmax ≈ 600m for altitudes of 3 to 7 km and Lmean ≈ 990m and
Lmax ≈ 2600m for altitudes of 15–18 km [18]. Estimated values of velocity
standard deviation s Dv are shown in Table 1.4 [18, 19].

As for the turbulence scale, these parameters are approximate and
dependent on altitude. For instance, for clear weather and altitudes of
3 to 7 km, the maximum standard deviation of wind gusts is 2 m/s and its
mean value is 0.46 m/s; for altitudes of 15 to 18 km the maximum standard
deviation of wind gusts is 1.69 m/s and its mean value is 0.86 m/s [18].

Figure 1.10 Block diagram of the target course yaw Dc simulation. Similar block diagrams
are used to simulate the pitch Du and roll Dg yaws.
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Table 1.4
Estimated Values of Standard Deviations of Wind Gusts

Weather Conditions of Atmosphere Standard Deviation of Wind
Turbulence Gust’s Velocities

Practically quiet atmosphere turbulence s Dv < 0.5 m/s
Clear weather turbulence 0.5 < s Dv < 2 m/s
Cloudy weather turbulence 2 < s Dv < 4 m/s
Stormy weather turbulence s Dv > 4 m/s

Simulation of the angle m = m (t ) is provided by an inertialess dynamic
unit of zero order with transfer function K m (p ) = 1/V. The division operation
m (t ) = |DV⊥ (t ) | /V provides recalculation of wind gusts normal to velocity
of target movement into angle deflection of the target orientation (Figure
1.9).

Simulation of target reaction of the angle m = m (t ) is provided on the
basis of transfer function [17]

K tg(p ) = −v c.off
p − 2/tp.a

p2 − (v c.off − 2/tp.a)p + 2v c.off /tp.a
(1.39)

Here, v c.off is the cut-off frequency of logarithmic amplitude-frequency
response, and tp.a is a time constant of the pilot-target or autopilot-target
system. Estimated values of v c.off and tp.a are shown in Table 1.5.

Simulated yaws of c and u target motion parameters can be included
in (1.36) to consider their influence on the backscattered signal. Some
experimental data about the intervals of backscattered signal coherence are
given in [20].

Table 1.5
Cut-Off Frequencies and Time Constants for the Pilot-Target and

Autopilot-Target Systems

Time Constant of the Target Pilot Cut-Off Frequency,
Target Class or Autopilot, t p.a (sec) w c.off (rad /sec)

Large-sized 0.3 1.5–2
Medium-sized 0.3 2.5–3
Small-sized 0.1 3.5–4
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1.5 Peculiarities of Simulation of Fast Rotating Elements

Rotating elements of targets act on backscattered signals causing modulation.
Examples of rotational modulation simulation will be given in Chapter 2
for wideband signals and in Chapter 3 for narrowband ones. Here, we will
consider the essence of rotational modulation of scattered signals (Section
1.5.1), the simulation specific to jet-engine modulation (JEM, Sections 1.5.2
and 1.5.3) and propeller modulation (PRM, Section 1.5.4) [21–29].

1.5.1 Essence of Rotational Modulation of Scattered Signals

Origins of rotational modulation for various aerial targets are their rotating
systems, such as the blades of propellers and jet engines’ compressors and
turbines. The signal scattered by a rotating system acquires distinctive rota-
tional modulation, which influences the target detection and hinders velocity
tracking of extended coherent signals, but which is useful as a target recogni-
tion feature.

Rotational modulation produced by aerial targets depends on their
type and construction, as well as on the wavelength. Missiles do not usually
produce rotational modulation at decimeter and centimeter waves. Slow
rotor modulation is specific to helicopters.

Somewhat faster rotational modulation is specific to the propellers of
turbo-prop aircraft with gas-turbine (turbo-prop) engines used at subsonic
speeds. A gas-turbine engine usually has an air compressor either on the
propeller rotation axis or on a separate one. The compressor’s rotational
modulation is perceptibly faster than that of the propeller.

Very fast rotational modulation is specific to aircraft with turbo-jet
engines (jet aircraft). The compressor (air-scoop, fan) is located at the front
of the engine, while the turbine is at its rear.

More common than single-stage turbines or compressors with a whole
number of blades N are multistage ones. Both first and second stages with
N1 blades in the first stage and N2 = N − N1 blades in the second one can
cause noticeable rotational modulation. Multi-engine aircraft that are safer
in operation than single-engine ones are chiefly used. Therefore, consideration
of multi-engine and multistage rotating systems is essential. The form of
the radar illumination (continuous, time-restricted, or bursts of pulses with
various repetition frequencies) and the bandwidth also influence the observed
effect of rotational modulation.
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Rotational Modulation of Sinusoidal Illumination Signals Caused by Single-Stage
and Single-Engine Rotating Systems. Assuming identical blades, rotational
modulation corresponds to the periodical change of sinusoidal signal ampli-
tude and phase with a period 1/NFrot. Here, N is the number of blades and
Frot is the rotation frequency. For independent scattering by each of the
blades, the instantaneous value of scattered signal is defined by the following
equation:

E (t ) ≡ ∑
N−1

n=0 √s bSt −
n

NFrot
D (1.40)

? cosH2p f0t + C n sinF2pFrotSt −
n

NFrot
D + f nGJ

Here, s b (s ) is the blade RCS as a function of time, f0 is the carrier
frequency, f n are the constant initial phases (depending on the choice of
the time reference origin), and C n are constants depending on n . The
frequency spectrum of any periodical function is a line spectrum with the
spectral lines at the frequencies kNFrot, k = 0, ±1, ±2, . . . , kmax [Figure
1.11(a)] and the maximum interval NFrot between the lines. Some harmonics
of an amplitude-phase modulated signal spectrum can vanish. The possible
kmax value for JEM is considered in Section 1.5.3.

Rotational Modulation of Time-Restricted Sinusoidal Illumination Signals Caused
by Single-Stage and Single-Engine Rotating Systems. A sinusoid with rota-
tional modulation (1.40) is multiplied by a video signal U (t ) of limited
duration T0, so that the convolution of their spectrums takes place. We can
consider this case as the modulation of each harmonic of (1.40) by U (t ).
The spectral lines of rotational modulation become blurred into the spectral
regions of extent 1/T0 [Figure 1.11(b)] for the condition of T0Frot >> 1.

Rotational Modulation of a Burst of Sinusoidal Pulses Caused by Single-Stage
and Single-Engine Rotating Systems. Sinusoid with rotational modulation
(1.40) is multiplied by a burst video signal with a pulse repetition frequency
(PRF) equal to Fpr. For infinite signal duration T0 → ∞, the spectral lines
appear on combinational frequencies kprFpr + kFrot, where kpr = 0, ±1, ±2,
. . . , ±m . For finite signal duration T0, these lines become blurred into
spectral regions of extent 1/T0 [Figure 1.12]. The spectrum shown for the
high PRF case [Figure 1.12(a)] is identical to that for CW illumination
[Figure 1.11(b)], but with aliasing at the PRF. For medium or low PRF the
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Figure 1.11 Simulated rotational modulation spectrum caused by single-stage and single-
engine rotating system for (a) continuous sinusoidal illumination signal on
the wavelength of 3 cm; and (b) restricted in time one for the signal duration
of about 12 ms. External and internal blade radii are 0.54m and 0.13m, respec-
tively; number of blades is 27; rotation frequency is about 120 Hz.

spectrum of Figure 1.11(b) is reproduced with medium or high distortion
caused by aliasing.

Rotational Modulation Caused by Multiengine Rotating System. If rotation
frequencies Frot of all engines are identical, superposition of the engines’
backscattering does not distort the rotational modulation. Otherwise, there
is beating of the extended signals backscattered from engines and an increase
in the number of spectral lines (their duplication in the [29, Figure 7]
experiment).

Rotational Modulation Caused by Multistage Rotating System. It creates, in
the CW case, spectral lines at the combinational frequencies, for example,
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Figure 1.12 Simulated rotational modulation spectrum of the pulse burst for: (a) high
PRF; (b) medium PRF; (c) low PRF caused by single-engine and single-stage
rotational system.

at the frequencies (k1N1 + k2N2)Frot, k1,2 = 0, ±1, ±2, . . . in a two-stage
case. Lines associated with the second stage k2 ≠ 0 are weaker than those
of first-stage k2 = 0. In periodic pulsed (burst) illumination the spectrum
becomes additionally complicated. For the two-stage case, combinational
spectral lines are created at the frequencies kprFpr + (k1N1 + k2N2)Frot,
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blurred into the spectral regions of extent 1/T0 (Figure 1.13). The spectral
lines of Figure 1.13 are similar to the experimental ones of [29, Figure 6]
for the high PRF.

PRF Limitations of the Rotational Information. They do not lead to modulation
distortions if the PRF Fpr > 2 (Frmax + 1/T0). Here, Frmax is the maximum
absolute value of (1) (k1N1 + k2N2)Frot for the two-stage rotating system
and (2) kNFrot, for the one-stage system (or two-stage one neglecting weak
spectral elements). If target spectral components are concentrated in a
bandwidth DFr, the condition Fpr > 2(DFr + 1/T0) for absence of distortion
can be used. Such evaluations are rough; more detailed analysis is given in
Chapter 3.

Wave Band Limitations on Rotational Information. Nonuniform waveguides
are formed between the blades, and rotational modulation occurs if radio
waves penetrate into them. The condition for wave penetration can be
roughly expressed by the known inequalities

2pR ext /N > l /2 or f > f crit = cN /4pR ext (1.41)

Here, R ext is the exterior radius of the rotating structure, N is the
number of blades, and f crit is the critical frequency of the nonuniform
waveguide’s entrance. Engine rotational modulation emerges therefore at
centimeter and short decimeter waves only, whereas propeller modulation
can be observed in the broad waveband from centimeter to meter, and even
decameter, waves.

Tentative parameters of turbojet engines of aerial targets used in simula-
tion are shown in Table 1.6.

Figure 1.13 Simulated rotational modulation spectrum for a burst signal on the wavelength
of 3 cm caused by two-stage rotational system. External and internal blade
radii are 0.54m and 0.13m, respectively; number of blades in first and second
stages are 27 and 43, respectively; rotation frequency is about 120 Hz.
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Table 1.6
Tentative Parameters of Compressors and Turbines of the Simulated Target Engines

Parameter of Engine’s Compressor and Turbine

External Internal Rotation Blade’s Angle
Diameter Diameter Large Blade Small Blade Number of Frequency of Attack

Class of Target (m) (m) Size (m) Size (m) Blades (Hz) (degree)

Large-sized Comp. 0.9–1.2 0.2–0.7 0.2–0.35 0.1–0.15 28–36 70–120 18–20
turbo-jet Turb. 0.9–1.3 0.3–0.8 0.2–0.25 0.06–0.08 68–75 70–120 20–30
Medium-sized Comp. 0.7–0.9 0.25–0.5 0.2–0.3 0.06–0.08 30–35 160–180 15–20
turbo-jet Turb. 0.7–0.9 0.25–0.6 0.1–0.15 0.04–0.05 50–75 160–180 20–30
Missile Comp. 0.2–0.3 0.08–0.1 0.07–0.09 0.01–0.03 30–40 500–520 10–20

Turb. 0.2–0.3 0.1–0.15 0.05–0.07 0.01–0.03 70–80 500–520 20–30
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1.5.2 Simulation of JEM Neglecting Shadowing Effects

Jet-engine modulation is caused by rotation of the fans, compressors, and
turbines. The peculiarity of all these rotating elements is the large number
of identical blades with definite angles of attack. Their mutual shadowing
and presence of the air-scoop are neglected here and will be considered in
Section 1.5.3. Rotational modulation of continuous sinusoidal signals only
is examined in Sections 1.5.2 and 1.5.3, while pulsed signal modulation has
been considered in Section 1.5.1.

1.5.2.1 The Asymptotic Case of Backscattering from a Stationary Single
Blade

This makes possible the use of physical optics without repeated reflections,
typical of waveguides. The validity of inequality f >> f crit is supposed, which
is stricter than inequality (1.41). The n th blade, n = 0, 1, 2, . . . , N − 1 is
described approximately by a rectangular ideal conductive plate x n = 0,
R − b /2 ≤ z n ≤ R + b /2, −a /2 ≤ yn ≤ a /2 in its own local coordinate system
On x n yn z n , where R is the radius of blade centers’ position (Figure 1.14).

The n th blade local coordinate system On x n yn z n has been rotated
with respect to the target system O tgjhz :

1. Around the axis O tgz by the blade angle of attack u0 independent
of n ;

2. Around the axis O tgj by the blade roll angle g n = 2pn /N depending
on n.

Figure 1.14 Turbine blade in local coordinate system approximated by rectangular plate.
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The origin of the local coordinate system On x n yn z n is displaced from

that of the target O tgjhz by the radius vector r n = r0 = ||j0 h0 z0 ||
T
,

where j0, h0, z0 are coordinates of the rotating system center.
Let us evaluate the signal backscattered by the n th blade. The propaga-

tion unit vector R0 of the incident wave must be recalculated from the radar
coordinate system into the target one and then into the local one; then we
have

||R 0
xn R 0

yn R 0
zn ||

T
(1.42)

= HT(0, u0, gn )HT(c , u , g ) ||cose cosb sine cose sinb ||
T

According to physical optics and (1.3) and (1.6), the diagonal elements
of the blade polarization matrices are

√s n e jwn =
2√p

l E
a /2

−a /2

E
R+b /2

R−b /2

expF−
j4p
l

(R 0
yn yn + R 0

zn z n )GR 0
xn dyn dz n

(1.43)

Equation (1.43) adds together the reflections from the plate elements,
each with the area dyn ? dz n and the radius vector rn = y nyn

0 + z n z n
0 , where

yn
0 and z n

0 are unit vectors of the local coordinate system. The sum R 0
yn yn

+ Rz
0

n z n that entered in the index of a power of (1.43) characterizes the
pathlength difference for this element, formed by the scalar product rn

TR0 =
R 0

yn yn + Rz
0

n z n . The product R 0
xn dyn ? dz n characterizes the projection of

elementary area dyn ? dz n onto the plane normal to unit vector R0 of the
incident wave that is described by the scalar product (dyn ? dz n x0

n )TR0 =
R 0

xn dyn ? dz n , where x0
n is the third unit vector of the local coordinate

system. After integration in (1.43), one can obtain the polarization matrix
diagonal element in the physical optics approximation

√s n e jwn =
2√p

l
ab

sin(2paR 0
yn /l )

2paR 0
yn /l

sin(2pbR 0
zn /l )

2pbR 0
zn /l

R 0
xn e −j4pRR 0

zn /l

(1.44)
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1.5.2.2 The Asymptotic Case of Backscattering from Single-Stage and
Single-Engine Rotating Systems

This case corresponds to independent reflections from each blade neglecting
their mutual shadowing. To account for the n th blade rotation, one can
modify the expression of the blade roll angle in the target coordinate system
O tgjhz

gn = gn (t ) = 2pFrott − 2pn /N = 2pFrot(t − n /NFrot) (1.45)

The instantaneous value E (t ) of the continuous sinusoidal signal
reflected by the identically rotating blades of the single-stage compressor or
turbine for f >> f cr is

E (t ) ≡ ReF∑
N−1

n=0
(√sn e jwn )e −jwG (1.46)

Here,

w = 2p (Rtg + r en)TR0/l (1.47)

where Rtg is the radius vector of the target coordinate system origin in the
radar one, and r en is the radius vector of the engine center position (local
coordinate system origin) in the target coordinate system.

According to (1.42), the component R 0
zn of propagation unit vector

is a function of angle gn = gn (t ) and determines rotational phase modulation.
For every combination of angles c , u , g and given parameters R, a, b, u0,
(1.42) through (1.46) allow estimating the rotational modulation character.
The presence of blade’s angle of attack u0 ≠ 0 leads to spectrum asymmetry.

Departure from the physical optics and depolarization effects in JEM
simulation arise when one of the blade’s dimensions becomes comparable
or small relative to the wavelength. The induced current and backscattering
intensity are changed, especially if the electric field vector is oriented along
the short blade’s side a < b. Heuristically, this changing can be evaluated
by means of the ‘‘long transmission line with losses’’ model that is open at
both sides and fed from its middle. The whole relative conductivity of such
a model is proportional to

Ya = j tanFS2p
l

− jaD a
2G
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where the parameter a considers the losses in the line. Evaluating the tangent
of a complex argument, we have [30, eq. 4.3.57]

Ya = j
sin(2pa /l ) − j sinh(aa )
cos(2pa /l ) + cosh(aa )

(1.48)

For (aa >> 1 (i.e., sinh(aa ) >> 1, cosh(aa ) ≈ sinh(aa ) >> 1) we have
Ya ≈ 1. It means that we may not take into account the edge effects for
great blade size a. Conversely, for values a = l /4 the resonance effect takes
place. If aa << 1, we have Ya = j tan(pa /l ), and then a << l ; the value
Ya ≈ pa /l , and this case corresponds to Rayleigh scattering. Results of
(1.48) for variation of the physical optics coefficient |Ya | with the ratio a /l
are given in Figure 1.15 for two values of the product al = 2 (solid line)
and al = 4 (dashed line).

The discussion presented above shows that the following equation can
be used as an improvement on the physical optics approximation of the
blade PSM in its own polarization basis:

Mn = ||√sn |Yb | 0

0 √sn |Ya | || (1.49)

Here, |Yb | is determined by (1.48) after substitution for the blade size a
with size b and taking the absolute value. Equation (1.49) may be used also
in the nonasymptotic case, when |Ya | = |Yb | = 1. It is supposed also that
product al is evaluated heuristically or on the experiment base.

Figure 1.15 Coefficient |Ya | via a/l ratio for the products al = 2 (solid line) and al = 4
(dashed line).
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1.5.3 JEM Simulation, Taking into Account the Shadowing Effect
and Related Topics

JEM Asymptotic Simulation, Taking the Shadowing Effect into Account. This
can be performed by different methods. One or several bright points, bright
lines, or bright areas (see Section 1.3.6) can replace each n th scattering
element.

Let us begin with segregation of bright points from the solution (1.44)
of Section 1.5.2. Each sine function of (1.44) or one of them can be
transformed by the Eulerian formula sinw = (e jw − e −jw )/2j. Each of N
illuminated blades can introduce four or two summands in (1.44) that
correspond to four angle bright points or two specular lines approximating
the blade. The summands, corresponding to the shaded bright points or
lines, must be considered carefully. It is better to divide the plane surfaces
into parts and check these parts for the shadowing instead of edge specular
points. Summation of fields scattered by such unshadowed areas replaces
integration in (1.43). Approximate narrowing of the plate width caused by
shadowing is another simple variant for solution.

JEM Asymptotic Simulation, Taking the Air-Scoop Presence into Account. The
air-scoop is made as a rectangular or cylindrical duct through which the
compressor or fan are fed with air. An exact solution of electromagnetic
wave guiding in this duct is complicated. Therefore, let us be restrictive with
a qualitative analysis of this subject. Figure 1.16 shows a case of electromag-
netic wave propagation to the rotating system between two conducting planes
placed apart from each other, the distance being many times larger than the
wavelength. The main backscattering from the rotating system is observed
at the same angle as in free space. A part of the backscattered energy can be

Figure 1.16 The case of electromagnetic wave propagation to a rotating system between
two conducting planes placed apart from each other, the distance being
many times larger than the wavelength.
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lost; additional backscattering is possible due to the absence of electrodynamic
matching. The rough evaluation of the RCS is then equal to As rot + B .
Values of coefficients A and B depend on angles of incidence, and they are
selected empirically.

JEM Nonasymptotical Simulation. Functions described by (1.40) and (1.44)
through (1.46) are periodic with a period 1/NFrot corresponding to the
displacement of each blade or interblade distance. As in (1.40), a Fourier
series can be developed with frequencies kNFrot, where k = 0, ±1, . . . , ±m .
The practical number of these harmonics depends on:

1. Degree of angularity or evenness of electromagnetic field at the
entrances of interblade waveguides;

2. The blade angle of attack.

For JEM the number of half-waves between the blades tentatively
defines the number m = (2pR /N ):(l /2) = 4pR /Nl .

Simulation of Multiengine and Multistage Rotating Systems. The number of
the summands in calculation of equations similar to (1.46) increases in both
kinds of systems. Various locations r en = r l of rotating structures l = 0, 1,
2, . . . , L in (1.46) through (1.47) can be accounted for.

Simulation of only two-stage (L = 2) rotating structures with combina-
tional frequencies (k1N1 + k2N2)Frot can be considered as adequate because
of wave attenuation in rotating stages (see Figure 1.13 and experiment
[29]). But such simulation will be effective only in cases of detailed engine
description and carrying through of complicated calculations. It is simpler
to realize an approximate multiplication of the one-stage simulation result
by the heuristic value a + b cos(2pk2N2t + f ), where the sum a + b is
of somewhat greater unity.

1.5.4 Simulation of PRM

The propeller as a rotating system differs from the turbine in that there is
a smaller number of identical blades N and a smaller rotating frequency
Frot. According to (1.40) and (1.41), the PRM frequency spectrum differs
from that of JEM by the smaller interval between spectral lines (regions)
and by their increased number. More free access of radio waves to the blades
is available. Therefore, the effect of shadowing of one blade by others can
be completely neglected in simulation. Several approaches exist to approxi-
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mate the propeller blade: with a flat plate, with a twisted plate, and with
some of the simplest components. Let us consider and compare these
approximations.

Propeller blade’s approximation with a flat plate is carried out similarly
to the analogous approximation (1.44) through (1.47) of a turbine’s blade.
Both phase modulation (due to the blade’s phase center rotational motion)
and amplitude modulation (due to the change of blade’s orientation relative
to the radar) are considered in (1.44) through (1.47). Depolarization effects
can also be considered using equations (1.48) and (1.49).

Propeller blade’s approximation with a twisted plate accounts for the
blade twist along its longest axis. Such a twist u0 = u0(z ) = A − Bz in (1.42)
leads to shifts of specular point positions on a blade in the process of its
rotation and to additional phase modulation, widening the modulation
spectrum [27]. Replacing the i th twisted blade by a set of small plates with
unequal angles of attack, one can obtain the integral of (1.44) type in limits
of variable z from L1 to L2:

√sn e jwn =
2√p

l
aE

L2

L1

sin(2paR 0
yn (z )/l )

2paR 0
yn (z )/l

R 0
xn (z )e −j4pzR 0

zndz (1.50)

Assuming (sin x )/x ≈ 1 due to the relatively small a size, one can obtain

√sn e jwn =
2√p

l
aE

L2

L1

R 0
xn (z )e −j4pzR 0

zndz (1.51)

For propeller blade’s approximation with the simplest components,
each blade can be considered on the basis of being a very thin sharp-edged
ellipsoid (Figure 1.17). The blade’s angle of attack is the angle between the
rotational plane and the medium semiaxis of ellipsoid. The largest semiaxis
of ellipsoid is equal to half the blade length, its medium semiaxis is equal
to half the blade breadth, and its smallest semiaxis is equal to half the blade
thickness [28]. The largest and medium semiaxes are much greater than the
wavelength, and the smallest one is not. O. I. Sukharevsky proposed to
complement the ellipsoid in its largest section by a wedge with a curved rib,
tangent to the ellipsoid surface (see Section 7.1.8). Blade backscattering can
be computed then as the physical optics reflection from the visible part of
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Figure 1.17 Propeller blade approximation with ellipsoid and curved rib wedge.

ellipsoid, from the edge specular point or their superposition. Only one
specular point of the ellipsoid is visible. Its RCS can be expressed as
s e = pr1r2, where r1 and r2 are the principal radii of curvature at this
point. Coordinates of the ellipsoid’s specular points are given in Table 1.1
(item 1); its principal radii of curvature can be obtained from Table 1.2.
(item 1). Two specular points of the edge, symmetrically situated, can be
visible in general. The front point is always illuminated, and the rear one
can be shadowed by the ellipsoid surface. Shadowing occurs if the observation
angle n becomes greater than half of the wedge’s external angle (see Table
1.3, item 5 about a wedge’s RCS for observation angles lying far from normal
to the wedge faces and for edge curvature radius r c >> l ).

1.5.5 Comparison of Different Approximations of the Blades in JEM
and PRM Simulation

All the approximations considered allow us to obtain the JEM and PRM
spectra depending on the rotational frequency, blade’s angle of attack, and
aspect angles of the rotating structure. They all reveal the spectrum asymmetry
due to combinations of phase and amplitude modulation.

The approximation with flat plates for single-engine and single-stage
JEM using physical optics coincides with those previously described in
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[21–26]. Theoretical results of the works [24, 25], verified for the JEM in
the field experiments, were justified by their authors for several wavelengths.
Theoretical results of the work [23], verified for the one-stage fan in laboratory
experiment, were also justified by their authors for specific wavelengths. Our
simulation for multistage and multiengine JEM coincides qualitatively with
the short-wave experimental results of [29].

To account for the specular point shift in the PRM simulation and
the additional modulation it causes, the approximation of blades with twisted
plates was proposed [27]. Such additional modulation showed itself more
explicitly in our PRM simulation for the blade ‘‘ellipsoid-wedge’’ approxima-
tion, accounting for the polarization effects and edge backscattering also.

In the authors’ experience, acceptable simulation results can be relatively
simple to obtain using blade approximations in two ways:

1. With flat plates for the turbine modulation, taking into account
the proposed coefficient of departure from physical optics [absolute
value of (1.48)];

2. With the simplest components for the propeller modulation. We
rejected approximation of propeller blades with plates due to extreme
contrast of scattering angle dependency, this being practically absent
for the rounded propeller cross section.

1.6 Radar Quality Indices to Be Simulated

The aim of simulation is not only the study of physical phenomena but also
the resulting optimization of radar systems for recognition (Chapters 2–4),
detection, and measurement (Chapter 6). Quality indices for these systems
must be introduced in advance. We introduce below the recognition quality
indices in Section 1.6.1 and the detection and measurement indices in Section
1.6.2.

1.6.1 Quality Indices of Recognition

Alphabet of Objects to Be Simulated. Objects of radar recognition can be
targets’ classes or types. The alphabets A1, A2, . . . , Ak , . . . , AK of these
objects and decisions Â1, Â2, . . . , Â i , . . . , ÂK , being made in recognition,
are assumed to be predetermined.

Conditional Probability Matrix of Decision-Making. In the stationary decision-
making process, the conditional probabilities of decision-making P (Â i |Ak ) =
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Pi |k , where k = 1, 2, . . . , K , can be introduced. The probabilities Pi |k ,
where i = k , are the conditional probabilities of correct decisions. The
probabilities Pi |k , where i ≠ k , are the conditional probabilities of error
decisions. Matrix ||Pi |k || of K × K dimension is known as a conditional
probability matrix of decision-making. It contains conditional probabilities
of correct decisions as its diagonal elements, and conditional probabilities
of error decisions as its nondiagonal ones. The sum of elements for each

row k is equal to unity ∑
M

i=1
Pi |k = 1.

Conditional Mean Risk (Cost) of Recognition Decision-Making. To compare
various decisions, some positive or zero penalties r ik for error i ≠ k decisions
and zero or negative penalties −r ii < 0 (premiums r ii > 0) for correct i = k
ones can be defined. Matrix || r ik || of K × K dimension is known as a cost
matrix . By varying the cost matrix, one can describe the performance of
each radar system attempting recognition. The simplest cost matrix, which
is being used in theoretical consideration, is the negative value of the identity
cost matrix (simple cost matrix). A more general diagonal cost matrix (quasi-
simple one) with elements

r ik = −r i if i = k , and r ik = 0 if i ≠ k (1.52)

can also be used to define unequal requirements for recognizing target classes
or types [31].

The conditional mean risk (mean cost) of decision-making

r (i ) = ∑
K

k=1
r ikP i |kPk (1.53)

is frequently used as a quality index of recognition. Each Pk , k = 1, 2, . . . ,
K is here an a priori probability of appearance of the object to be recognized.

The probability of error in recognition, with equiprobable appearance
of objects

Per =
1
K ∑

K

i=1
(1 − Pi | i ) = 1 − Pcor (1.54)

is a tentative but easy-to-use quality index of recognition. Here, Pcor is the
probability of correct decision that can also be used as a quality index of
recognition.
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Entropy of Situations Before and After Recognition. Let us begin again with
equiprobable appearance of any object from K possible ones. Ambiguity of
such an appearance can be described by the a priori probability Pk =
1/K . Entropy of the situation before recognition is defined as H = log2K =
log2(1/Pk ) = −log2Pk and it is used as the logarithmic measure of ambiguity.
If a priori probabilities Pk (k = 1, 2, . . . , K ) are not equal to each other,
the entropy before recognition diminishes and it is defined as an expectancy
of partial entropies

Hbr = − ∑
K

k=1
Pk log2Pk (1.55)

Entropy of the situation after recognition can be defined as the expec-
tancy of partial entropies of decisions about the i th object presence provided
that the k th object is actually present. Since the coincidence probability of
such events is Pik = Pi |kPk , the entropy after recognition can be written in
the form

Har = −∑
K

i=1
∑
K

k=1
Pik log2Pi |k (1.56)

The information measure of recognition quality (IMRQ) can be defined
as a difference between (1.55) and (1.56) in the case of equiprobable appear-
ance of objects to be recognized

I = Hbr − Har = log2K +
1
K ∑

K

i=1
∑
K

k=1
Pi |k log2Pi |k (1.57)

The coarse information measure of recognition quality can be defined
on the coarse hypothesis of equalities Pi | i = P cor = const for all conditional
probabilities of correct decisions i = k, and similar equalities Pi |k =
(1 − P cor)/(K − 1) = const for all conditional probabilities of error decisions
i ≠ k . Then,

I = Icoarse = log2K + P cor log2P cor + (1 − P cor) log2
1 − P cor
K − 1

(1.58)
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With the growth of K , the first term of (1.58) increases while the two
others decrease due to P cor diminishing. Therefore, the optimal value Kopt
maximizing the coarse IMRQ can be found [32].

Potential Signal-to-Noise Ratio (SNR) of Recognition. Different definitions of
the signal-to-noise energy ratio are frequently used. We will define the
potential SNR energy ratio as the ratio of the signal energy at the matched
filter output (J = W/Hz) to the spectral density of noise in W/Hz. Then,
SNR for the matched processing for a wideband signal echoed from the
point scatterer will be replaced by the SNR for a narrowband signal that does
not provide resolution of the target elements. This allows the introduction of
the signal’s energy independent from its modulation, and the estimation of
additional losses connected with the target recognition and resolution of its
elements.

For instance, if the ratio 15 dB is necessary to achieve the required
indices of detection quality, and this ratio has to be increased to 22 dB for
the aircraft recognition, then the additional energy needed for recognition
is 7 dB. In the case of a wideband signal, the losses on the noncoherent
integration of the signals backscattered from the resolved target elements
and the gain due to decrease of fluctuations are involved here.

Quality Indices Chosen for Simulation (see also Chapters 2–4). These are:

• The number K and alphabet of objects to be recognized;

• The recognition error probability in equiprobable appearance;

• The IMRQ (or coarse IMRQ), considering both the number of
objects K and the probability of recognition errors.

The quality indices chosen for simulation of various recognition systems
depend essentially on the potential SNR. Comparison of various recognition
systems is advisable usually in the condition of their potential SNR equality.
Scattering simulation permits us to avoid expensive experiments in initial
research and development steps for the choice of:

• Alphabets of target classes or types to be recognized;

• Recognition signatures and their combinations;

• Illumination signals (see Chapters 2–3);

• Decision rules (see Chapter 4).
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1.6.2 Quality Indices of Detection and Tracking

Quality indices of detection (see Chapter 6), as usual, are conditional proba-
bilities of detection D and of false alarm F. Detection can be considered as a
signal recognition of K = 2 classes: ‘‘target plus interference’’ and ‘‘interference
only’’ with the matrix of conditional probabilities of decision-making

||D 1 − D
F 1 − F ||. Scattering simulation permits taking into account such peculi-

arities of targets as their RCS distribution in dependence on their type (class),
orientation, and also from the bandwidth of illumination signal.

Quality indices of tracking (see Chapter 6) are the degree of measure-
ment accuracy in stationary and transient tracking; the time of target’s initial
track lock-on; the mean interval between appearances of false trajectories
and the mean time of their tracking; and the probability of missing the
target.

1.6.3 Choice of Quality Indices

The choice of quality indices depends on the objective of the device. Scattering
simulation permits taking into account such peculiarities as the accidental
displacements of a target’s secondary radiation center (Chapter 6) and fluctua-
tion effects due to reflections from the target body and its rotating parts
(Chapter 3) in narrowband illumination, and the effects of complex range
profiles and range-angle images (Chapter 2) in wideband illumination. A
comparison of various detection and tracking systems is advisable usually in
the condition of equality of potential SNRs.
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2
Review and Simulation of Recognition
Features (Signatures) for Wideband
Illumination

Wideband illumination provides large amounts of recognition information
[1–3]. This attracts the attention of radar specialists, and we consider in
detail the wideband illumination first in the book. Various definitions of
wideband illumination signals and corresponding target recognition features
(signatures) are discussed in Section 2.1. Ambiguity functions and processing
procedures for the wideband chirp signals with examples of signature simula-
tion are considered in Section 2.2. Simulation of range-polarization and
range-frequency signatures for the wideband chirp signal is examined in
Section 2.3. We consider peculiarities of the ambiguity function, methods
of signature simulation, and processing procedures for wideband stepped
frequency (SF) signals in Section 2.4. Targets’ two-dimensional (2D) images
and their simulation are considered in Section 2.5.

2.1 Definitions and Simulated Signatures for Wideband
Signal

A signal can be defined as wideband with respect to its carrier frequency,
to its inverse duration, to its possible inverse delay on the antenna aperture,
and to an absolute value of its band. The same signal can be wideband for
all these different definitions, but not always. In this book the signal is
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considered wideband if its bandwidth is sufficient for range resolution of
aerial target elements. According to the last definition, the following signals
are considered here as wideband: linear-frequency-modulated (LFM or chirp)
and stepped frequency (frequency manipulated) with contiguous or separated
‘‘monofrequency’’ elements. Use of very short pulses and wideband phase-
modulated pulses is also of interest.

Signal signatures of targets used for wideband illumination are:

• Range profiles (RPs) obtained in high range resolution (HRR) radar
[1–8];

• Total radar cross sections on the RP base (i.e., the RCS sums of
resolved elements) [5–8];

• Range-polarization profiles (RPP) obtained in HRR radar with dual
polarization reception [5–8];

• Range-frequency profiles (RFP) obtained in HRR radar by a signifi-
cant, but not very great increase of ‘‘radar-target’’ contact time
[5, 6, 8];

• Two-dimensional images obtained in HRR radar by a considerable
increase of the ‘‘radar-target’’ contact time [1, 2, 9].

Information about the target trajectory signatures, including altitude,
velocity, etc., is discussed in Section 4.1.3.

2.2 Simulation of Target Range Profiles and RCSs for
Wideband Chirp Illumination

We first discuss the simplified and improved method of simulation for the
chirp illumination (Section 2.2.1). We then describe the variants of range
profile signatures (Section 2.2.2), the simulation of range profiles (Section
2.2.3), and wideband RCS (Section 2.2.4) for models of real targets under
various conditions. Comparison of the simulated data with the available
experimental results (Section 2.2.5) finishes the discussion.

2.2.1 Simulation Methods for the Chirp Illumination

Simplified Method of Simulation. Let us suppose that (1) the ratio of the
LFM pulse bandwidth to the carrier frequency doesn’t exceed 0.05–0.1, (2)
the illumination LFM signal has a rectangular or Gaussian envelope, and
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(3) matched signal processing is carried out. Expression U (t ) for the processed
signal entered into (1.20) is proportional then to the Woodward ambiguity
function for the rectangular envelope [10–12]

r (t , F ) = 5
sin[p (nt /t p + Ft p (1 − |t | /t p )]

p (nt /t p + Ft p )
, |t | ≤ t p

0 |t | > t p

(2.1)

or for the Gaussian one

r (t , F ) = expS−
p
2 F1 + n2

t2
p

t2 + 2ntF + t2
p F 2GD (2.2)

Here, t , F are the mismatches in time delay and frequency, t p is the pulse
duration, measured for the Gaussian pulse at the level e −p /4 ≈ 0.46,
n = t pD f is the bandwidth-duration product, D f is the frequency deviation
measured for the Gaussian pulse at the level e −p /4.

The sidelobes of the compressed pulse are absent in case (2.2) and are
significant in case (2.1). To diminish the sidelobe level of the compressed
LFM pulse with rectangular envelope, Hamming weighting is often used:

U1(t ) = bU (t ) + aU (t − 1/D f ) + bU (t − 2/D f ) (2.3)

where a = 0.5 and b = 0.25, for instance. To exclude such detail from
simulation, the Gaussian pulsed illumination model can be used.

As was noted in Section 1.3.4, the signal backscattering and filtration
are linear operations. Real illumination with a modulated signal [Figure 2.1(a)]

Figure 2.1 Clarification of the change in order of linear operations in simulation.
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can be replaced therefore by illumination with a short ‘‘monofrequency’’
pulse obtained after processing [Figure 2.1(b)] with an envelope of the form
(2.1) or (2.2). The approach for time-extended illuminating signals, when
Doppler shift is essential, will be developed in Sections 2.4.2 and 2.4.3.

Possibility of Developing the Simplified Simulation Variant for the Chirp Illumina-
tion. If the ratio of LFM pulse bandwidth to the carrier exceeds 0.05–0.1,
one can consider this LFM pulse as the superposition of partial LFM pulses
of a shorter duration and lower frequency deviation. This is especially simple
for pulses with rectangular envelope when the contiguous partial LFM pulses
i = 1, 2, . . . , m are rectangular and of equal duration and frequency deviation
but of various carrier frequencies. After delay alignment and superposition
of backscattered and compressed partial signals of the (2.1) type with
exp[ j2p ( f i − f0)t ] multipliers, one can obtain the desirable simulated com-
pressed signal. Then the simulation program has to schedule the evaluation
of the ratio of given pulse bandwidth to the carrier and the described
correction of the simplified simulation. Our development of simulation based
on the data presented in Table 1.3 accounts for the dependence of RCS
variations on frequency. Unfortunately, additional phase-delay variations are
not accounted for. This can diminish the accuracy of signal simulation for
very large ratios of the bandwidth to the carrier.

2.2.2 Variants of Signatures on the Basis of Range Profiles

The RP of a target is formed at the amplitude detector output, provided
that target elements are resolved in range. The larger the target radial extent,
the more extended is its RP. Moreover, some other target structure feathers,
such as positions of rotational modulation sources, are mapped on the RPs.
The phases of a single RP itself are usually noninformative because of its
excessive dependence on the target aspect. The use of single RPs, therefore,
will be connected below to amplitude detection. Replacing the amplitude
detector by two phase detectors, we obtain the quadrature RP, which can
be used for coherent integration from pulse-to-pulse and Doppler frequency
analysis. The use of phase detection is considered in this book, however,
only for such special variants of RP use.

Sampled and Normalized RPs. Digital processing often requires the RP to
be sampled into a sequence X1, X2, . . . , XM after amplitude detection (i.e.,
with phase data excluded because of their instability). The cited sequence
may be briefly described by a vector-column X = || X1, X2, . . . , XM ||T.
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Each sampled RP is normalized to the unit power, so that

Xn = X/ |X | , where |X | = √∑
M

m=1
X 2

m . If |X | = 1, then Xn = X. The RP scale

is unified due to normalization. Normalization allows us to extract the
information about the structure using it independently from the amplitude
information. The latter is influenced to a great extent by a series of factors:
output transmitter power, receiver sensitivity, and radio wave propagation
conditions. Therefore, we must use it with the lower weight for decision-
making.

Correlation processing of the RP consists frequently in evaluation of
correlation sum

Z S = ∑
m

Ym Xm = YTX (2.4)

where Y = || Y1 Y2 . . . Ym . . . YM ||T is the sample vector of the
received RP amplitudes Ym = | Ẏm | and X = || X1, X2 . . . Xm , . . . XM ||T
is the sample vector of reference RP amplitudes. The reference vectors
X = Xk differ from one another for various targets, their orientations, and
echo delays. To consider the unknown target’s orientation in recognition
decision-making, a set of standard vectors (standard RPs) Xg |k can be intro-
duced in the ambiguous aspect sector. To account also for unknown echo
delay (index m ), one has to evaluate the maximum correlation sum

Z Smax = max
g

max
m ∑

m
| Ẏm | X (m−m )g |k

The grounding and developing of this procedure are discussed in
Section 4.1.4.

Standard RPs g = 1, 2, . . . , G are the normalized reference RPs,
obtained on the basis of experiment or simulation to be used in correlation
processing. Each of T ≥ G teaching RPs can be considered as a standard
one. But the number G of standard RPs then increases to the greater number
T of teaching RPs, slowing the decision-making.

Simple Procedure of Standard RPs Formation. To form G < T of standard
RPs, the following heuristic recursive procedure was used in our 1985–1987
experiment (see Section 2.2.5), as well as in subsequent simulation for signal
bands narrower than 100 MHz. The training set of each target class included
all training RPs of various target types. At its preliminary step, the correlation
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of each training RP with rectangular ‘‘profiles’’ of different extent was found.
The extent of the rectangular ‘‘profile’’ that gave maximum correlation with
the teaching RP was then accepted as the conditional extent of this RP.
Then, all T teaching RPs are ranked and partitioned into G clusters according
to their conditional extent. The RPs of each cluster are centered using
correlation procedure, and the mean RPs are found. Such ‘‘mean’’ RPs are
considered as the standard RPs of clusters at the preliminary step.

At the first and several later steps the correlation of each of T teaching
RPs with each of G standards of the previous step is found. The teaching
RP is then directed into the cluster whose standard RP has provided maximum
correlation. The ‘‘mean’’ RPs of the G new clusters are considered then as
the new RP standards, and the procedure is either repeated or stopped [8].
The standard RPs obtained using the simplest procedure of their formation
will be named the simple standard RPs.

Individualized Procedure of Standard RPs Formation. This procedure is analo-
gous to that described just above, but it envisages formation of the standard
RPs separately for various target types. A set of standard RPs of target class
consists then of the standard RPs of target types included in the target class.
The standard RPs obtained using the individualized procedure of their
formation will be named the individualized standard RPs. As it will be shown
in Section 4.1.4, the individualized procedure of standard RPs formation
provides better quality of recognition than the simplified one. But it usually
requires the use of a greater overall number of standard RPs, as well as of
processing channels. It also can be less robust to the deformation of RPs by
the suspension of fuel tanks and additional armament, and also to the
appearance of new types of targets. Robustness can be extended by increasing
the total number of RPs.

Conditional Probability Density Function (cpdf) of RP and Its Logarithm
(lcpdf). Each RP sample is a random variable, whose distribution can be
described by a one-dimensional (1D) conditional cpdf for the given target
type or class, its range, and aspect sector. An approximation of the samples’
independence simplifies consideration. The multidimensional cpdf is then
equal to the product of the 1D samples’ cpdf. The lcpdf is equal to the sum
of the 1D lcpdfs of samples. Thus,

cpdf(Y) = P
m

cpdf(Ym ), lcpdf(Y) = ∑
m

lcpdf(Ym ) (2.5)
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All 1D cpdfs and lcpdfs can be obtained from experiment or simulation
(see below). Multidimensional cpdfs and lcpdfs can be used instead of correla-
tion sums in recognition decision-making [13], see also Section 4.1.

2.2.3 Simulation of the Target RPs

Examples of simulated recurrent RPs superimposed on the screen of the
amplitude indicator for Tu-16- and Mig-21-type aircraft and a ALCM-type
missile are shown in Figure 2.2 and Figure 2.3. Examples of Figure 2.2 are
given for the Gaussian chirped illumination pulses of about 80 and 200
MHz. It can be seen that for the 200-MHz deviation the RP is presented
in more detail; however, the 80-MHz deviation provides the possibility of
the target’s class recognition. It can be seen that targets of various classes
can be distinguished simply by the extent of their RPs. Examples of Figure
2.3 are given for the Gaussian chirped illumination pulses of about 80-MHz
frequency deviation and for two aspects (course-aspects) differing by 0.1°
(from top to bottom). For a signal bandwidth narrower than 100 MHz,
small orientation variations of the target notably influence the shape of the
large RPs (Tu-16 type in Figure 2.3). This influence is caused by scatterer
interference within a range resolution cell that is wider than 1.5m. For the
wider signal bandwidth (Figure 2.2) the RPs become more detailed and the
influence of aspect variation decreases. The chosen wavelength of 11.5 cm
corresponds to the portion from 2500 to 2700 MHz of radar S-band. The
lower RPs of Figure 2.2 are calculated under the hypothetical assumption

Figure 2.2 Simulated superimposed range profiles of the Tu-16- and Mig-21-type aircraft
and the ALCM-type missile illuminated by the chirp signals with frequency
deviations of 80 and 200 MHz.
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Figure 2.3 Simulated superimposed range profiles of the Tu-16- and Mig-21-type aircraft
and the ALCM-type missile illuminated by the chirp signals with frequency
deviation of 80 MHz for the aspect change of 0.1°.

of using the entire portion (i.e., of having the 200-MHz bandwidth). At
the chosen wavelength of 11.5 cm, a small amplitude blurring of superim-
posed RPs takes place at the positions of JEM sources.

The simulated RPs of Tu-16-type aircraft are shown in Figure 2.4 for
a wavelength of 5 cm, at which the turbine modulation manifests itself
more explicitly than in the previous case. The successive RPs are given for
illumination with Gaussian chirped pulses with 5, 60, and 160 MHz fre-
quency deviation (from top to bottom). As before, it can be seen that range
resolution and profile specification increase as the bandwidth widens. By
the successive time realizations RP1, RP2, RP3, . . . , RP1001, RP1002, RP1003
(from the left to the right with time gap more than 500 ms), the time
dynamics of RPs are traceable. For the small deviation of 5 MHz, almost
the whole signal (a kind of RP!) fluctuates quickly at l = 5 cm due to
orientation change and turbine modulation. For the deviations of 60 and
160 MHz, only a part of RP fluctuates quickly at l = 5 cm due to turbine
modulation, and the rest of RP changes much more slowly.

Dynamics of the RPs (RP1, RP2, RP3, . . . , RP1001, RP1002, RP1003)
for B-52-type aircraft in flight are given in Figure 2.5 for the 160-MHz
deviation signal and two wavelengths l = 5 cm [Figure 2.5(a)] and
l = 15 cm [Figure 2.5(b)]. RPs of B-52-type aircraft have a somewhat larger
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Figure 2.4 Simulated successive range profiles RP1, RP2, RP3, . . . , RP1001, RP1002, RP1003
backscattered from Tu-16-type aircraft in flight for chirp illumination with
frequency deviations of (a) 5 MHz, (b) 60 MHz, and (c) 160 MHz. Wavelength
l is 5 cm; PRF is about 1 kHz.

extent than those of Tu-16-type aircraft. As in the previous case, only parts
of the RPs fluctuate quickly due to turbine modulation on 5-cm wavelength.
The turbine modulation is decreased at the 15-cm wavelength.

In the case of a helicopter all the RPs fluctuate quickly because its
rotors have sizes comparable with the helicopter itself and are placed in
horizontal and vertical planes. Figure 2.6 presents these RPs simulated dynam-
ically for 160-MHz frequency deviation and a wavelength l = 15 cm.

Changeability and recurrence of RPs depend on the type of target, its
orientation, and the signal bandwidth. The influence of rotational modula-
tion on the RPs was discussed in connection with Figures 2.4 and 2.5.

Changeability due to orientation shift depends on the signal bandwidth.
The degree of changeability can be described by the coefficient r of correla-
tion between RP pairs for a given aspect shift Da . Such a correlation
coefficient versus signal’s bandwidth r = r (B |Da ) is shown in Figure 2.7
for the large-sized target and constant aspect shifts of 0.2°, 1°, 10°. The
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Figure 2.5 Simulated successive range profiles RP1, RP2, RP3, . . . , RP1001, RP1002,
RP1003 backscattered from B-52-type aircraft in flight for chirp illumination
with 160-MHz frequency deviation and wavelengths (a) l = 5 cm and
(b) l = 15 cm. PRF is about 1 kHz.

Figure 2.6 Simulated successive range profiles RP1, RP2, RP3, . . . , RP1001, RP1002, RP1003
backscattered from AH-64 helicopter in flight for chirp illumination with
160-MHz frequency deviation and l = 15 cm. PRF is about 1 kHz.

correlation is large for small bandwidths because the RPs slightly depend
on the target aspect (also carrying little information). RPs become more
informative as the bandwidth grows, but correlation decreases due to the
fluctuations of partly resolved target elements. The correlation coefficient
reaches its minimum at 40 to 60 MHz bandwidths for Da = 0.2° to 1°. It
increases then because fewer bright elements fall into the range resolution
cell. Recurrence of RPs in Da shift therefore take place. The correlation
gradually decreases with increasing bandwidth for large aspect shifts Da ,
and the RPs become more individual and informative for each target’s
orientation.
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Figure 2.7 Correlation of the simulated range profile couples versus signal bandwidth for
aspect shifts of 0.2°, 1°, and 10°.

An example of simulated cpdf of RP samples [13] is shown in Figure
2.8 for a given large-sized target in a noise background of low level. A set
l = 1–128 of its one-dimensional cpdfs p (y l ) is depicted. It is interesting
that simulated cpdfs are notably different from the Gaussian. When the RP
sample is a superposition of signal and noise, its cpdf is a convolution of
cpdf of the RP sample without noise and the pdf of noise.

Figure 2.8 Simulated set of cpdf for the range profile samples l = 1–128 of a large-sized
target without noise.
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2.2.4 Simulation of the Target RCS for Wideband Illumination

As was stated in Section 1.1.1 for wideband illumination of targets, the sum
of mean RCSs of its resolved elements is considered as its mean RCS. The
RP samples spaced by an interval Dt = 1/D f can be considered as the resolved
target elements. The known algorithm of experimental RCS evaluation (Sec-
tion 3.2) must then be applied to individual RP samples. The partial RCSs
obtained in such a manner must be summed. Fluctuations of RCS in wide-
band illumination are essentially diminished, but not completely removed.

Figure 2.9 shows the normalized standard deviation of the simulated
RCS estimate versus the number N of independent ‘‘radar-target’’ contacts.
Normalization has been provided relative to maximum RCS variance in
narrowband illumination. Three solid lines correspond to the RCS of large-
sized (1), of medium-sized (2), and of small-sized (3) targets illuminated by
the chirped pulse of 80-MHz deviation. The shaded zone between the dashed
lines includes such RCS dependencies for various targets illuminated by the
narrowband signal. The RCS fluctuations for the wideband illumination
are decreased with respect to those of narrowband illumination because of
additional averaging by range, so that a smaller number N of ‘‘radar-target’’
contacts is required to estimate the RCS with a given accuracy. Bandwidth
widening beyond 80 to 100 MHz also diminishes the fluctuations.

Figure 2.9 Normalized standard deviations of the simulated RCS estimate versus the
number of independent radar-target contacts by simulation results: (1) for
large-sized (solid line 1), medium-sized (solid line 2), and small-sized (solid
line 3) targets with chirp illumination of 80-MHz deviation; (2) for targets of
various dimension with narrowband illumination (shaded zone between dashed
lines).
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Aspect dependencies of the target’s RCS can be used not only for
narrowband but also for wideband illumination. Figure 2.10 shows these
simulated dependencies after averaging for Tu-16- and Mig-21-type aircraft
and ALCM-type missiles.

2.2.5 Comparison of Simulated and Experimental Data

Some Experiments of the 1950s–1960s. After the reinvention of a pulse com-
pression method unknown at that time in the USSR (1956, [14]), the full-
scale radar models using this method were tested near the city of Kharkov:

1. The 1959 ‘‘Filtratsiya’’ model with an aircraft detection range of
about 200 km. It worked in the high-frequency part of VHF wave
band and was built on the P-12 surveillance radar base. It was charac-
terized by the generation of 5 MHz × 6 m s illumination chirp
pulses. It used a compression filter consisting of two delay lines
with planar configuration and distributed capacitance coupling [3];

2. The 1963–1964 ‘‘Okno’’ model with an aircraft detection range of
about 100 to 150 km. It worked in the high-frequency part of the
S-band and was built on the PRV-10 heightfinder base. It was
characterized by the generation of 70 MHz × 2 m s illumination
chirp pulses. It used a compression filter consisting of a rolled cable
of 400m length with 12 oscillatory circuits between the terminals
and used a wideband display. The experiment confirmed the possi-
bility of RP use.

Figure 2.10 Simulated dependencies of RCS versus aspect angle for Tu-16- and Mig-21-
type aircraft and an ALCM-type missile for the wideband chirp illumination
of 80-MHz deviation after averaging.
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Figure 2.11 shows the RPs of An-10, Li-2, and Su-9 aircraft together
with their outlines. Target radial dimensions were evaluated by these RPs
with accuracy of a few meters, although the potential range resolution was
not achieved because of unaccounted-for FM nonlinearity and other hardware
limitations [3, 4].

In 1967 the experiment of Bromley and Callen [15] was published on
the base of illumination chirp pulses 150 MHz × 1 m s and a compression
filter on the basis of waveguide of 183m length.

Tests analogous to the ‘‘Okno’’ experiments with wideband signals were
repeated afterwards in the USSR with the assistance of industrial enterprises in
1980 and 1985–1987.

The 1980 Experiment at the Heightfinder. Here, the LFM signal of about
50-MHz bandwidth formed more precisely than in 1963–1964 was used in
1980 at a newer radar heightfinder. It worked in the high-frequency part
of S-band.

Combined heterodyne-filter signal processing proposed in Kharkov in
the 1960s was used in this case. The LFM heterodyne voltage was acting
on the mixer in a range gate whose width equaled the sum of the pulse
duration in the range units and radial target dimension. Frequency deviation
of the pulse scattered from bright points was preserved and decreased due
to the scheduled small difference of transmitter and heterodyne LFM slopes.
Heterodyning simplified the matched processing, allowing use of ultrasonic
compression filters. Besides, unequal frequency displacements of signal ele-
ments by the heterodyning cause unequal time displacements at the compres-
sion filter output. Target RP is observed therefore in the stretched time
scale. This technique has become known in Western literature as ‘‘stretch
processing’’ [16].

Various targets’ RPs, including the successive ones (without integra-
tion), were observed by the described radar. The slow ramp voltage was

Figure 2.11 The first experimental range profiles of An-10, Li-2, and Su-9 aircraft in chirp
illumination (1963–1964) with their outlines.
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superimposed in the last case on the output RP. Figure 2.12 shows that the
RPs of an incoming target were not being distinctly changed during the
burst time, if only rotational modulation could be neglected; so, aerial target
RP noncoherent integration is possible. On a level with aircraft RPs, those
of a helicopter were obtained too. Due to their blade rotation, even the two
successive RPs were not alike. Range-polarization profiles were also obtained
(see Section 2.3).

1980s Experiments with a Three-Coordinate Radar. Digital records of range
profiles with and without noncoherent integration were obtained in
1985–1987 at a 3D surveillance radar operated in the high-frequency part
of S-band with an aircraft detection range of more than 250 km, a scan
period of 10 sec, and narrowband illumination. Wideband LFM illumination
with deviation of about 75 MHz was used in a narrow azimuth sector ±1.5°
within a chosen antenna rotation cycle as the complementary recognition
mode implemented after target detection. Wideband LFM pulses were pre-
ceded by more narrowband LFM pulses (5 MHz) to realize robust heterodyne-
filter processing. The complementary LFM information was used for precise
timing of the gate of the LFM heterodyne, accounting for the target radial

Figure 2.12 Successive experimental range profiles for chirp illumination signal with
bandwidth of about 50 MHz observed by superimposing the slow ramp voltage
onto them.
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velocity. The RPs of each burst were sampled, integrated, and recorded.
Single (nonintegrated) RPs could also be recorded.

Automatic target class recognition was realized by means of the coarse
evaluation of the target 10-degree aspect sector and correlation processing
of received RPs using simple standard RP variants for this aspect sector
together with the result of wideband RCS evaluation. The pictogram of
target class then followed the target blip on the plan-position indicator (PPI)
display until it disappeared. Figure 2.13 presents some experimental RPs of
Tu-16, Tu-134, Mig-21, Sy-27 aircraft and a meteorological balloon with
a reflector. The experimental dependencies of the wideband RCS via their
aspect angle for the Tu-16 and Mig-21 aircraft and balloon with a reflector
are shown in Figure 2.14. They are similar to the simulated ones (Figure
2.10).

Some Experiments of the 1990s. In their 1993 paper Hudson and Psaltis
reported the acquisition and use of a large volume of RPs with individualized
standard RPs, achieved by illumination of many types of targets with a
300-MHz bandwidth chirp signal (see Section 4.2 and [17]). Chirp signals
were also used in European radar: in the ‘‘Ramses’’ mobile radar of 200-MHz
bandwidth, and in the ‘‘TIRA’’ stationary radar of 800-MHz bandwidth,
the latter in Ku-Band. Simultaneously, the stepped frequency signals of
200-MHz bandwidth are studied in the ‘‘MPR’’ mobile radar in X-Band
and of 400-MHz bandwidth in the ‘‘Byson’’ stationary radar in S-Band [18].
A chirp signal of 400-MHz bandwidth was also realized in the Chinese
experimental radar [19]. The absence of detailed publications did not allow
us to compare our simulated results with the above-mentioned experimental
ones.

Comparison of Simulated and Experimental Results. The lack of precise target
orientation in an experiment obstructs to a certain degree comparison of
simulated and experimental data. The comparison was conducted therefore
in the statistical sense. The simulated simple standard RPs were compared
with those obtained in the 1985–1987 experiments. The correlation coeffi-
cient of simulated and experimental simple standard RPs of aircraft happened
to fall within 0.88 to 0.97 limits for three simple standards in a 10-degree
aspect sector. It would have been even higher if the number of standards
had been increased.

The comparison was done not only for averaged but for single-pulse
profiles. The simulated RPs of Tu-16- and Mig-21-type aircraft and the
ALCM-type missile (Figure 2.3) are close to those obtained in the experiment
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Figure 2.13 Experimental range profiles of Tu-16, Tu-134, Mig-21, and Su-27 aircraft and the
balloon with a reflector for chirp illuminating signal with frequency deviation of
75 MHz.
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Figure 2.14 Experimental wideband RCS (after averaging) versus aspect angle for Tu-16
and Mig-21 aircraft and balloon with a reflector for chirp illumination with
75-MHz deviation.

using a balloon with a reflector instead of an ALCM-type missile (Figure
2.13). In any case, the deviation between simulated and experimental RPs
does not exceed the simulated RP deviation due to the target aspect change
of fractions of degree (Figures 2.3 and 2.13). Additional comparisons are
carried out for the narrowband illumination RCS in Section 3.2 and for
rotational modulation spectra in Section 3.3.

2.3 Range-Polarization and Range-Frequency Signatures
Simulation for the Chirp Illumination

Section 2.3 considers the range-polarization (Section 2.3.1) and range-
frequency signatures (Section 2.3.2) together with the results of their simula-
tion and some experimental results. The consideration is carried out in the
context of chirp illumination. The results obtained for range-polarization
signatures can be applied also to the case of stepped-frequency illumination.
The results received for range-frequency signatures have some specifics.

2.3.1 Range-Polarization Signatures and Their Simulation

Range-Polarization Signatures. The target consists of both irregular and
smooth elements. Its range profiles and wideband RCSs depend therefore
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on the polarization of transmitting and receiving antennas if the wavelength
is not very short. The HRR radar can then obtain complementary information
about the target due to complete polarization transmission-reception. An
attempt to use such information was described in [7], where the evaluation of
polarization ellipse parameters for each resolved target element was suggested.
Such a procedure has a definite drawback, that is, the necessity of precise
parameter measurement before integration of signal energy. Cooperative
information extraction from all the RPP elements is more admissible in cases
of low energy. Two kinds of such RPP are possible: noncoherent RPP and
coherent RPP.

Noncoherent RPP X includes the M two-amplitude signal samples X ′m ,
X ″m (m = 1, 2, . . . , M ) for orthogonal polarization instead of the M one-
amplitude ones Xm in the considered RP

X = ||X1 X2 . . . Xm . . . XM ||
T

where

Xm = ||X ′m X ″m ||
T

(2.6)

It allows us to accumulate energy using the set of noncoherent received
signal-plus-noise samples

||Y1 Y2 . . . Ym . . . YM ||
T

= Y

where

Ym = ||Y ′m Y ″m ||
T

using a correlation procedure

Zp noncoh = |YTX | (2.7)

Coherent RPP Ẋ accounts for two amplitude samples X ′m , X ″m of orthog-
onal polarization and the phase difference b i between the corresponding
sampled sinusoids:
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Ẋ = || Ẋ1 Ẋ2 . . . Ẋm . . . ẊM ||
T

where

Ẋm = ||X ′m X ″mexp( jbm ) ||
T

For a fixed transmitter polarization it utilizes the same information as
the set of polarization ellipses [7], allowing, however, energy integration
using the correlation procedure

Zp coh = | Ẏ*TẊ | (2.8)

over the set of coherent received samples

|| Ẏ1 Ẏ2 . . . Ẏm . . . ẎM ||
T

= Ẏ

where

Ẏm = ||Y ′m Y ″marg(Ẏ ″m /Ẏ ′m ) ||
T

The Y ′m , Y ″m are amplitudes and Ẏ ′m , Ẏ ″m are complex amplitudes of
the polarization channel output voltages.

Independent signal radiation at two polarizations demands an apprecia-
ble hardware volume increase and doubled energy consumption. With an
illumination signal of fixed polarization, a pair of channels, mismatched
identically relative to polarization of the illumination signal, can also be used
as a pair of reception channels with orthogonal polarizations:

• A pair of reception channels with circular polarization and opposite
rotation directions in case of linear polarization of the illumination
signal;

• A pair of reception channels with orthogonal linear polarization in
the cases of illumination signals with (1) circular polarization and
(2) linear polarization mismatched at ±45° relative to polarization
of reception channels.
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Some kinds of RPP normalization are possible. One consists in normal-
ization of both RPP components taken as a whole. Together with the
normalized RPP, the summed wideband RCS at both orthogonal polarization
can then be used as one of the RPP signatures. A correspondence of the
described RPP algorithms and the algorithm based on evaluation and
comparison of the polarization matrix parameters will be considered in
Section 3.2.2.

RPP Signature Simulation. Figure 2.15 shows two pairs of Tu-16- and
Mig-21-type aircraft RPPs simulated for an S-band illumination chirp signal
with 50-MHz bandwidth at vertical polarization and for reception of a
backscattered signal with two antennas’ channels of matched (vertical) and
cross (horizontal) polarizations.

Figure 2.16 shows the pairs of the Tu-16- and Mig-21-type aircraft
RPPs simulated for the illumination signal having circular polarization,
received by two antenna channels of vertical and horizontal polarizations.
The system operates in L-band to increase the polarization effects and has
a bandwidth of 160 MHz to prevent interference between the target elements.
Figure 2.17 shows the phase difference for the two RP pairs of Figure 2.16,

Figure 2.15 Simulated Mig-21- and Tu-16-type aircraft noncoherent range-polarization
profiles for illumination with S-band chirp signal of 50-MHz bandwidth of
vertical polarization and reception of backscattered signal by two antennas’
channels of vertical and horizontal polarization.
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Figure 2.16 Simulated Mig-21- and Tu-16-type aircraft noncoherent range-polarization
profiles for L-band illumination signal of 160-MHz bandwidth having circular
polarization and for reception by two antennas’ channels of vertical and
horizontal polarization.

so that the RP pairs of Figure 2.16 together with Figure 2.17 give the
coherent RPPs.

The increase in information due to polarization consideration is not
very large in S-band. It is greater for the longer waves at L- and UHF-band.

RPP experimental observation was carried out in 1980 for a chirp
illumination signal in S-band having a bandwidth of 50 MHz and complete
polarization transmission. The reception was at the chosen polarization and
of amplitude only. The example (Figure 2.18) corresponds to a linear polariza-
tion transmission and reception of matched and crosspolarizations for signals
backscattered from Su-15, Yak-28p, and Tu-16 aircraft. The experimental
RPP of the Tu-16 aircraft (Figure 2.18) is close to the simulated RPP (Figure
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Figure 2.17 Simulated phase differences for the noncoherent range-polarization profiles
of Figure 2.16.

Figure 2.18 Experimental noncoherent range-polarization profiles obtained for chirp illumi-
nation in S-band with bandwidth of about 50 MHz for Su-15, Yak-28p, and
Tu-16 aircraft.

2.15). The experimental RPPs of the Su-15 and Yak-28p aircraft (Figure
2.18) are close to the simulated one of Mig-21 aircraft corresponding to the
same target class.

2.3.2 Range-Frequency Signatures and Their Simulation

Range-Frequency Signatures. Let us consider the coherent pulse burst that
is backscattered from a target. The burst consists of N chirp pulses having
the duration tp, frequency deviation D f , and repetition period T. A real
target is extended in radial and transverse directions, implements in whole,
radial, and transverse motions, and has rotating parts. The target’s radial
extent leads to the RP formation. Its radial movement can lead to the range
displacement d r of the RP and changes the range resolution cells where the
RP is formed. For the doppler frequency FD = 10 kHz, D f = 100 MHz,
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tp = 30 m s, the displacement d r during a single pulse processing time is
less than the range resolution cell’s radial extent Dr:

d r =
c
2

tp
FD
D f

=
3 ? 108 ? 3 ? 10−6 ? 104

2 ? 108 = 0.045m < Dr =
c
2

1
D f

= 1.5m

Pulse displacements for repetition intervals T can be taken into account
in the process of coherently integrating the burst’s energy.

Let us consider now the influence of a target transverse extent on the
coherent integration of energy for the N chirp pulse burst in the case of a
target transverse motion or rotation. The increments of radial velocities dvr
and doppler frequencies 2dvr /l of the target elements then emerge. Let us
consider here the case when the burst duration NT is not very great, so that
1/NT >> 2 |dvr |max /l (the case of a greater burst duration NT will be
considered in Section 2.5). The transverse elements of target body are not
yet resolved, but the rotational modulation frequencies can already be resolved
in doppler frequency. This leads to the formation of a range frequency profile
(RFP) containing information about the location of rotating parts. To obtain
the RFP, one must take the discrete fourier transform (DFT) in each range
resolution cell over the burst duration.

RFP Simulation. The example of a simulated An-26 aircraft RFP is shown
in Figure 2.19. The vertical axis of Figure 2.19 is range (meters), and the
horizontal axis is frequency (kilohertz). On a level with nose N and tail parts
T, two propellers P are observed, one of them shadowed for half the record
[13].

Figure 2.19 Example of the target’s range-frequency profile for chirp illumination in C-band
with the bandwidth of 160 MHz for An-26 aircraft with the 20-degree aspect
angle. Shown are range axis (vertical, m), frequency (horizontal, Hz), target’s
nose N, tail T, and two propellers P, one of which is shadowed for half the
record.
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2.4 Target Range Profiles for Wideband SF Illumination

SF illumination signals may be contiguous or separated as is explained in
the Gabor diagrams (Figure 2.20). The Gabor diagram presents the signal
as a superposition of its time-frequency portions with d fd t = 1 products.
Contiguous SF signals similar to the chirp ones are well known. Separated
SF signals now attract a special interest. They can provide a wideband
mode implementation in existing radar with pulse-by-pulse frequency agility.
Separated SF signals can be used both with moderate and very large band-
width-duration products. Ambiguity functions for these two cases are consid-
ered in Sections 2.4.1 and 2.4.2. In Section 2.4.3 we consider the matched
processing of the separated SF signal for very large bandwidth-duration
products. Simulation of range profiles in SF illumination is given in Section
2.4.4.

Figure 2.20 Gabor diagrams for (a) contiguous and (b) separated stepped-frequency
signals.
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2.4.1 Ambiguity Functions of SF Signals with Moderate Bandwidth-
Duration Products

Let us use a well-known common expression of ambiguity function via the
time t and frequency F mismatches for the case of unity signal energy:

ṙ (t , F ) = E
∞

−∞

U̇St +
t
2D ? U̇ *St −

t
2D ? e j2pFtdt (2.9)

Assuming rectangular envelopes of whole and partial pulses, we get
the complex envelope of SF signals

U̇ (t ) =
1

√m
∑

m−1

m=0
U̇1Ft − Sm −

m − 1
2 Dt0Ge

j2pSm−
m−1

2 DF0kt
(2.10)

where m is the number of partial pulses, U1(t ) is the envelope of partial
pulse, t0 is the pulse repetition period, and F0 is the frequency step. Substitut-
ing (2.10) into (2.9) we can obtain

ṙ (t , F ) =
1
m ∑

m−1

m=0
∑

m−1

n=0
E
∞

−∞

U̇1Ft +
t
2

− Sm −
m − 1

2 Dt0G
? U̇ *1Ft −

t
2

− Sn −
m − 1

2 Dt0G (2.11)

? e j2p [F+ (m−n )F0]tdt × e jp (m+n−m+1)F0t

Denoting l = m − n ; F ′ = F + lF0; t ′ = t − lt0; t = t ′ + (2n + l
− m + 1)t0/2 in (2.11), we obtain

ṙ (t , F ) =
1
m ∑

m−1

m=0
∑

m−1

n=0
E
∞

−∞

U̇1St ′ −
t ′
2DU̇ *1St ′ −

t ′
2D

? e j2pF ′t ′dt ′ e j2p [F ′(2n+l−m+1)t 0/2+ (2n+l−m+1)F0t /2] (2.12)

The internal integral of (2.12) is the ambiguity function of a partial
rectangular pulse of duration t1:
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ṙ1(t ′, F ′) =
sin[pF ′(t1 − |t ′ | )]

pF ′t1
rectF t ′

2t1
G (2.13)

where rect[x ] = 1 if |x | ≤ 0.5, and rect[x ] = 0 otherwise. Taking into account
that

(F + lF0)(2n + l − m + 1)t0/2 + (2n + l − m + 1)F0t /2

= Sn −
m − 1 − l

2 D(F0t + Ft0 + lF0t0)

one obtains (2.12) in the form

ṙ (t , F ) =
1
m∑

l
∑
n

ṙ1(t − lt0, F + lF0)e
j2pSn −

m−1−l
2 D(Ft0 +F0t+lF0t 0)

(2.14)

Summation limits in (2.14) can be found from the inequalities

0 ≤ n ≤ m − 1, m = n + l , 0 ≤ m ≤ m − 1, |t − lt0 | /2t1 ≤ 0.5
(2.15)

determined by the limited number of partial pulses and by limited partial
pulse duration.

Considering these relations together, one can find the summation limits
for n and l :

l − |l |
2

≤ n ≤ m − 1 −
l + |l |

2
(2.16)

t
t0

−
t1
t0

≤ l ≤
t
t0

+
t1
t0

(2.17)

Separated SF Signal. Assuming that t0 /t1 > 2, we can see that inequalities
(2.17) are satisfied when

l = l (t ) =
t

|t |H
|t |
t0

+
1
2J (2.18)
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where {x } is the whole part of x. The sum by l in (2.14) is then reduced
for each given m to a single summand. The sum by n in (2.14) is then
reduced to the geometric progression summed in the limits (2.16). The
ambiguity function absolute value takes the form

r (t , F ) = | ṙ1(t − lt0, F + lF0)
sin[p (m − |l |b

m sin[pb ] | (2.19)

where b = F0t + Ft0 + lF0t0 and l is given by (2.18).
The horizontal sections of ambiguity function (2.19) are shown using

contours in Figure 2.21.

Contiguous SF Signal. Such a signal usually has moderate bandwidth-
duration product. The ratio t0 /t1 = 1 and inequality (2.17) are satisfied by
the two whole numbers l1 = l1(t ) = {t /t0} and l2 = l2(t ) = l1(t ) +
t / |t |. The ambiguity function absolute value takes the form

r (t , F ) = |∑
i

ṙ1(t − l i t0, F + l i F0)
sin[p (m − |l i |b i )]

m sin[pb i ] |
(2.20)

where i = 1, 2 and b i = F0t + Ft0 + l iF0t0 [20].

Figure 2.21 Horizontal sections of ambiguity function of separated stepped-frequency
signal with moderate bandwidth-duration product.
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2.4.2 Ambiguity Functions of Separated SF Signal with Very Large
Bandwidth-Duration Product

The doppler effect appears in this case not only as a frequency shift but
also as the frequency-time scale transformation (Section 1.1.2). The pulse
repetition period t0 and frequency step F0 of the received signal are shifted,
becoming notably different from those t00 and F00 of the transmitted signal.
The relations between the received F0, t0 and the transmitted F00, t00
signals’ parameters are given with proportions

F0
F00

=
t00
t0

=
f0
f00

=
1 − vr /c
1 + vr /c

≈ 1 −
2vr
c

(2.21)

For a moderate bandwidth-duration product, all the frequency compo-
nents of a signal possess the same doppler shifts F = f00 − f0. For the very
large bandwidth-duration product, the frequency components possess their
own shifts; therefore, only the doppler frequency F for the carrier frequency
will be used in calculations. Introducing the doppler shift F into carrier
frequency f0 = f00 − F, one obtains from proportions (2.21) that

F0 = F00( f00 − F )/f00 and t0 = t00 f00/( f00 − F ) (2.22)

So, the values F0 and t0 depend now on the doppler shift F for the
carrier frequency. Substituting (2.22) into (2.19), we evaluate absolute value
of ambiguity function in the form

r (t , F ) = (2.23)

| ṙ1St − lt00
f00

f00 − F
, F + l F00

f00 − F
f00

D sin[p (m − |l |b )]
m sin[pb ] |

where

b = b (t , F ) = F00t
f00 − F

f00
+ Ft00

f00
f00 − F

+ lF00t00

The horizontal sections of ambiguity function are shown in Figure
2.22 with parameters chosen for convenience of demonstration. The signal
peak drops and dissipates for time and frequency mismatches. The horizontal
sections of the ambiguity function become S-shaped due to nonequal doppler
shifts of different frequency components [20].
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Figure 2.22 Horizontal sections of ambiguity function of separated stepped-frequency
signal with very large bandwidth-duration product.

2.4.3 Matched Processing of Separated SF Signal with Very Large
Bandwidth-Duration Product

Matched processing presumes the matching of a received and an expected
(reference) signal in all their parameters. Let us show some examples of
matched processing realization.

Combined (Correlation and Filter) Processing for Precisely Known Radial
Velocity. The simplified scheme of processing is shown in Figure 2.23. The
signal is filtered and amplified by the narrowband intermediate frequency
amplifier after heterodyning in the mixer. Unlike the usual matched filter
processing, the constant frequency heterodyne signal is replaced with the
joined SF one: (1) with steps lasting through pulse repetition periods, and
(2) with central frequency differing relative to that of illumination SF signals
by the intermediate frequency. The mixer, together with the phase detector
controlled by the intermediate frequency reference signal, performs the corre-
lation processing. The reference signal generator is controlled by the generator
of range gates and phase shifts. It takes into account the doppler effect for
the known target radial velocity. This effect appears for a short pulse as the
initial phase shift and time delay of partial pulses. The gate position and
heterodyne phase shift are changed in accordance with the target’s motion.
The phase detector has two quadrature outputs sampled by the analog-to-
digital converter (ADC), stored and utilized after precursory weighting (PW)
as the input signals of the DFT. Operation of this scheme is influenced by
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Figure 2.23 Simplified scheme of combined (correlation and filter) processing for sepa-
rated stepped-frequency signal with the motion compensation implemented
(a) in its analog part and (b) in its digital part.

the quality of evaluation of target movement and the signal bandwidth-
duration product. The larger the signal bandwidth-duration product, the
higher the required quality of movement parameter evaluation. Such evalua-
tion can be performed both in analog and digital processing. Some examples
are given below.

Filter Processing for Approximately Known Radial Velocity. Consideration of
analog processing allows us to find acceptable realizations of the digital one.
A restricted number of processing channels can be used to account for the
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unknown target movement. Each channel can introduce a different time-
frequency scale. For the precise carrier frequency, taking into account the
number M of these channels depends on the error Dvr of matching of the
target’s actual and expected radial velocities and on the signal bandwidth-
duration product TD f . So,

M = kTD f 2Dvr /c (2.24)

where c is the velocity of light and k = 2 to 5 is the ratio of compressed
pulse duration to the maximum mutual time shift of its components. The
scheme of a matched filter is shown in Figure 2.24. Individual pulses are
taken from the output of the wideband intermediate frequency amplifier.
The filter sums the outputs of multiple-tap delay lines to introduce the
required stretching or compressing of the time-frequency scale.

Combined Digital Processing for Approximately Known Radial Velocity. The
analog part of digital correlation processing [Figure 2.23(a)], denoted by the
dashed line, is simplified using an intermediate frequency heterodyne without
precise phase control [Figure 2.23(b)]. Phase shifts caused by an expected
radial velocity (Figure 2.23) are introduced by subtraction of phase
(4pDvrk f i t i /c ) from each i th pair of digital quadrature samples. The required
number of processing channels k = 1, 2, . . . , M ; (2.24) will determine steps
in radial velocity vr alignment.

Figure 2.24 Scheme of the multichannel filter processing of separated stepped-frequency
signal for approximately known radial velocity as a basis to implement the
digital processing.
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2.4.4 Simulated and Experimental RPs for Separated SF Illumination

The quality of an RP is affected by many factors, such as rotational modula-
tion and yaws of a target, which have to be considered. Combined correlation
and filter processing is presumed to provide matching of reference pulse
phases, time delays, pulse repetition periods, and frequency steps. The filtering
is reduced to DFT of signal samples and is performed after the correlation
processing.

Simulated RPs neglecting a target’s rotational modulation and yaws
were considered for different mismatches of actual and expected target radial
velocity both for point and extended targets.

Figure 2.25 shows the processed signals (RPs ) for the point target and
different radial velocity mismatches: 0 m/s [Figure 2.25(a, c)], 45 m/s [Figure
2.25(b, d)]. The SF signal has the f0 = 3 GHz carrier, consists of N = 64
pulses of t0 = 0.5 m s duration with pulse repetition frequencies of 20 kHz
[Figure 2.25(a, b)] and of 5 kHz [Figure 2.25(c, d)]. The frequency steps
are F0 = 1/t0 = 2 MHz. The interval of range unambiguous measurements
run = c /2F0 = 75m is shown. For no mismatch of radial velocity, the processed
signal exhibits its potential resolution. Radial velocity mismatch leads to a
decrease in the processed pulse resolution and the time shift. The 45-m/s
mismatch corresponds to coefficient k = 2 in (2.24).

Figures 2.26 and 2.27 show the RPs of Tu-16-type (Figure 2.26) and
An-26-type (Figure 2.27) aircraft for zero radial velocity mismatch without
accounting for disturbing factors (turbine modulation and the target yaws).
Decrease of PRF from 20 kHz [Figures 2.26(a) and 2.27(a)] to 5 kHz

Figure 2.25 Simulated range profiles obtained with separated SF illumination for a point
target with two PRFs of (a, b) 20 kHz and (c, d) 5 kHz with various radial
velocity mismatches of (a, c) zero and (b, d) 45 m/s. Wavelength is 3 cm,
number of pulses is 64, pulse duration is 0.5 ms, frequency step is 2 MHz,
and bandwidth is 128 MHz.
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Figure 2.26 Simulated range profiles obtained with separated SF illumination for Tu-16-
type aircraft in the absence of rotational modulation for two PRFs of (a) 20
kHz and (b) 5 kHz with zero radial velocity mismatch. Wavelength is 3 cm,
number of pulses is 64, pulse duration is 0.5 ms, frequency step is 2 MHz,
bandwidth is 128 MHz, and target aspect is 20° from nose.

Figure 2.27 Simulated range profiles obtained with separated SF illumination for An-26-
type aircraft in the absence of rotational modulation for two PRFs of
(a) 20 kHz and (b) 5 kHz with zero radial velocity mismatch. Wavelength is
3 cm, number of pulses is 64, pulse duration is 0.5 ms, bandwidth is
128 MHz, and target aspect is 20° from nose.
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[Figures 2.26(b) and 2.27(b)] does not significantly change the RPs in the
absence of a disturbing factor.

Simulated RP Accounting for Target’s Rotational Modulation and Neglecting
Yaws. Rotating systems of a target (turbine compressors and propellers)
affect the processing of SF signals with very large bandwidth-duration prod-
uct, especially for low PRF and in the presence of propeller modulation.
The spectrum of a backscattered signal is more dense for propeller modulation
than for turbine modulation, as can be seen from Figure 3.5. Range profiles
for this case are shown in Figure 2.28 for the Tu-16-type turbojet and in
Figure 2.29 for the An-26 turbo-prop aircraft. Figures 2.28(a) and 2.29(a)
correspond to 20 kHz, and Figures 2.28(b) and 2.29(b) correspond to 5-kHz
PRF.

Comparing the results for separated SF signals with those for chirp we
can see that for the wavelength of 3 cm the RPs are distorted by rotational
modulation. The distortions are especially significant for the 5-kHz PRF
and are smaller for the 20-kHz PRF.

The level of rotational modulation depends significantly on the
aspect angle of a target. It is interesting, therefore, to simulate an outward
flight of a target (see Section 3.3), where the level of rotational modulation
is usually lower than that for an inward flight. The simulated RP of

Figure 2.28 Simulated range profiles obtained with separated SF illumination for Tu-16-
type aircraft in the presence of rotational modulation for two PRFs of (a) 20
kHz and (b) 5 kHz with zero radial velocity mismatch. Wavelength is 3 cm,
number of pulses is 64, pulse duration is 0.5 ms, bandwidth is 128 MHz, and
target aspect angle is 20° from nose.
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Figure 2.29 Simulated range profiles obtained with separated SF illumination for An-26-
type turbo-prop aircraft in the presence of rotational modulation for pulse
repetition frequencies of (a) 20 kHz and (b) 5 kHz with zero radial velocity
mismatch. Wavelength is 3 cm, number of pulses is 64, pulse duration is 0.5
ms, bandwidth is 128 MHz, and target aspect angle is 20° from nose.

Tu-16-type aircraft flying away from the radar with the aspect of 135° from
the nose is shown in Figure 2.30 in a noise background. The parameters of
the separated SF illumination signal are as follows: wavelength is 3 cm,
number of pulses is 128, frequency step is 2 MHz, bandwidth is 256 MHz,
PRF is 20 kHz.

Experimental RPs. We can compare the latter simulation results with experi-
mental ones of [21]. In [21] the 256-MHz stepped-frequency illumination
signal at 3-cm wavelength consisting of 128 pulses with PRF of 20 kHz and
frequency step of 2 MHz was used. By means of this signal, the RP of a
B-727 turbojet aircraft was observed with aspect angle of 135° from the
nose (Figure 2.31). As follows from simulation, the rotational modulation
is not very significant for this aspect angle.

We can see that the length of the RPs in Figures 2.30 and 2.31 are
close to each other in similarity of their actual dimensions. The shape of
the RPs can be different due to different structures of the two aircraft.
However, it is possible that for high-range resolution the limitation of the
chosen simulation method emerges (see also Section 2.5.4 and Chapter 7).
We have no sufficient data to clarify this subject yet.
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Figure 2.30 Simulated range profile obtained with separated stepped-frequency illumina-
tion for Tu-16-type turbojet aircraft with turbine modulation; the PRF is
20 kHz, wavelength is 3 cm, number of pulses is 128, pulse duration is
0.5 ms, bandwidth is 256 MHz, and target aspect angle is 135° from nose.

Figure 2.31 Experimental range profile obtained with separated SF illumination for B-727
turbojet aircraft with turbine modulation. The PRF is 20 kHz, wavelength is
3 cm, number of pulses is 128, pulse duration is 0.5 ms, bandwidth is
256 MHz, and target aspect angle is 135° from nose. (Source: [21, Figure 5]
 1996 IEEE, reprinted with permission.)

Comparison of Separated SF Illumination with Chirp. Separated SF illumination
attracts attention due to relative receiver simplicity, but acquiring quality
RPs with separated SF illumination poses more difficulties than for chirp.
The difficulties are caused by the more time-extended ambiguity function.
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The influence of such a distorting factor as rotational modulation is therefore
increased, especially for not very high PRF and high carrier frequencies.

2.5 Target’s 2D Images

The technology of 2D moving target imaging or inverse synthetic aperture
radar (ISAR) technology attracts great attention [1, 2, 9, 22–24]. Let us
consider first the backscattered signal model (Section 2.5.1) and the possibili-
ties of ISAR processing on the basis of one or several reference elements
(Section 2.5.2). We consider then ISAR processing on the basis of the
Wigner-Ville (WV) transform (Section 2.5.3). Some of our image simulation
examples are given in Section 2.5.4. Some difficulties are considered as the
discussion progresses.

2.5.1 Models of Backscattered Signal and Processing Variants for
ISAR

Models of the backscattered signal are considered here for the case of target
motion in the ‘‘radar-target’’ plane. The reflecting elements are not supposed
to escape from their range cells. Expected signal complex amplitudes for
these cells may be written as a summation of complex amplitudes of signals
backscattered by a set of target elements k = 1, 2, . . . , M entered into the
same range resolution cell and unresolved in cross range [22, 23]:

X (t ) = ∑
M

k=1
Ak expH−jS4p

l
[r (t ) + j k cosu (t ) + h k sinu (t )] + c kDJ

(2.25)

Here, Ak is the amplitude of the signal scattered by the k th target
element; j k , h k are its longitudinal and transverse coordinates relative to

the chosen origin; r (t ) = r0 + vr t +
1
2

ar t2 + . . . is the law of longitudinal

short-term target motion; u (t ) = Vt +
1
2

aV t2 + . . . is the law of angular

short-term target motion relative to the line-of-sight; c k is the initial phase.
Additional parameters are introduced here: the initial radial target velocity
vr ; the angular velocity V defined relative to the line-of-sight; the radial ar

and angular aV accelerations. Using approximations cosu (t ) ≈ 1 −
1
2

u2(t )

and sinu (t ) ≈ u (t ) for the short-term target motion u (t ) << 1, we obtain



101Review and Simulation of Recognition Features for Wideband Illumination

X (t ) ≈ ∑
M

k=1
Ak expH−jS4p

l
[r0 + (vr + h kV)t (2.26)

+
1
2

(ar − j kV2 + h kaV)t2G + c kDJ
Another form of (2.26) is

X (t ) = ∑
M

k=1
Ak expH−jS2pFE

t

0

Fk (s )ds + 2r0 /cG + c kDJ (2.27)

In (2.27) the doppler frequency of the k th target element varying in
time was introduced

Fk = Fk (t ) =
2
l

[vr + h kV + (ar − j kV2 + h kaV)t ] (2.28)

with the constant derivative

Fk′ = Fk′(t ) =
2
l

(ar − j kV2 + h kaV) (2.29)

The simplest variant of model (2.28) and (2.29) corresponds to
aV = 0, ar = 0, 2 |j k |V2/l << 1.

Possible Variants of ISAR Processing. As we can see, the number of unknown
parameters of (2.26) through (2.29) is too great for simple evaluation and for
successive realization of matched processing. Several kinds of autocorrelation
processing and various problem simplifications are therefore considered. The
autocorrelation processing is partly realized using reference signals back-
scattered from dominating target elements [1, 8, 9, 22], or by the WV
transform variants [24].

2.5.2 ISAR Processing on the Basis of Reference Target Elements

ISAR processing using a single reference target element [9] is accepted for
a nonmaneuvering target (aV = 0, ar = 0), uniformly moving in a direction
that differs from the radial. In the process of motion the target rotates relative
to the line-of-sight with some angular velocity V ≠ 0, evaluated approximately
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from trajectory processing. For 2 |j k |V2/l << 1, the value of Fk′ ≈ 0. Then,
a series of the changing target range profiles can be obtained in the time
interval T by sequential wideband illumination. An intensive and steady
dominating element of profile can be selected algorithmically. It can be
supposed for wide bandwidths that the dominating element corresponds to
a single resolved backscatterer. The sample of the dominant element can be
used as the reference. Its phase is subtracted from the phases of all the other
samples of the profile. The doppler frequencies F of these elements are then
transformed into differential doppler frequencies Fdif = F − Fref, where
Fref = F1 is the doppler frequency of the reference element k = 1. The
differential doppler frequencies are equivalent to the nondifferential ones
but conditioned by the target rotation around the axis crossing the reference
target element and normal to the flight plane. If the origin of the coordinate
system is associated with this element, the differential doppler frequencies
of all the other elements with coordinates j k , h k are

Fk dif
= 2Vh k /l (2.30)

An analogous result can be obtained from (2.28). Estimation of
unknown coordinate h k and amplitude Ak consists, therefore, of the Fourier
transform of identical elements j k = const of range profile series and of
measuring the frequency and amplitude of each spectrum component. Fre-
quency resolution 1/T in matched processing determines the measure Dh
of cross-range resolution

Dh = l /2VT = l /2Da (2.31)

where Da = VT is the angle of target rotation relative to the line-of-sight
for the observation time T [1, 9]. To obtain the cross-range resolution
Dh = 1 to 3m for the wavelength l = 3 to 10 cm and the coherent integration
time of 0.5 to 1 sec (the time of 1 sec corresponds to particularly perfect
weather conditions), the value of Da must be 0.05 to 0.005 radian or 3 to
0.3° and the value of |V | must be 0.1 to 0.005 rad/s. With straightforward
uniform motion, the absolute value V = |v sina | /r, where v is the target
velocity. So, for the a = p /2 to p /4, v = 0.2 to 0.5 km/s and V = 0.1 to
0.005 rad/s the possible range of 2D imaging is r < 1.4 to 100 km. In many,
but not all, important practical cases this range is too small.

ISAR processing using three reference target elements has to account
for the elements of target maneuver (aVS ≠ 0, ar ≠ 0) and arbitrary values
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2 |j k |V2/l of the model (2.27), which were neglected above. After the
previous kind of processing [22]:

• The longitudinal coordinates j k of all the target elements are known.
The dominant element k = 1 became the origin j1 = h1 = 0 of
O tgjhz coordinate system.

• Two additional reference elements can be chosen. With maneuver-
ing, their actual coordinates h2, h3 depending of angular velocity
V are unknown, but their ratio h2 /h3 is independent of V and
can be evaluated.

New information about the derivatives of differential doppler frequen-
cies (Fk dif

)′ = Fk′ − F1′, k = 2, 3 can be obtained by tracking the target ele-

ments. A system of equations for model (2.26) through (2.29) can be obtained
from (2.29):

−j2V2 + h2aV =
l
2

(F2′ − F1′ )

−j3V2 + (h3 /h2)h2aV =
l
2

(F3′ − F1′ )

It defines the V and h2aV values, which can be used to compensate
for the maneuver components of the model. The value of V determines
in principle the cross-range scale. But with limited observation time and
straightforward uniform motion of the target, it is difficult to estimate the
doppler frequency derivatives in most cases.

2.5.3 ISAR Processing on the Basis of the WV Transform

WV Transform [24]. Two heuristic approaches lead to this transform. One
is connected with the Wiener-Khinchin equation for stationary random
processes; the other is connected with the Woodward time-frequency
ambiguity function of radar signals.

Let us begin with the first approach, connected with the stationary
random processes Y (t ) having time-independent correlation function
R (t ) = E[Y (t + t /2)Y *(t − t /2)], where E[x ] is used as the expectation
symbol of the random value x. The power spectrum in this case is exactly
defined by the Wiener-Khinchin equation
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G ( f ) = E
∞

−∞

R (t ) exp(−j2p ft )dt (2.32)

To evaluate approximately the power spectrum G ( f , t ) of a quasi-
stationary process with correlation function R (t , t ) = E[Y (t + t /2)Y *(t −
t /2)], moderately depending on time, one can use analogous equation

G ( f , t ) = E
∞

−∞

R (t , t ) exp(−j2p ft )dt (2.33)

As usual, there are no great numbers of realizations Y (t ) to provide
the operation E[?] of their averaging. Therefore, time averaging must also
be used for R (t , t ) and G ( f , t ) moderately depending on time. But for a
stronger dependence on time, independent time averaging becomes impossi-
ble. That leads to rejection of time averaging and to the use of the WV
transform, with time averaging being realized in the process of spectral
transform

G ( f , t ) = E
∞

−∞

Y (t + t /2)Y *(t − t /2) exp(−j2p ft )dt (2.34)

The second heuristic approach to the WV transform uses the concept
and properties of the Woodward time-frequency ambiguity function of radar
signals without noise. In expression (2.5) for the ambiguity function, one
can formally replace the signal X (t ) without noise with the signal Y (t ),
containing the noise, that leads to (2.34). Although the result of such substitu-
tion has an analogy with optimal processing, it is not optimal.

Advantage, Deficiency, and Development of the WV Transform. The advantage
of the WV transform is some processing simplification with target maneuver.
The great deficiency is the spectrum distortions because of the nonlinear
processing. So, when the signal contains more than one frequency component,
the WV transform creates spurious cross-term interference, occurring at
random positions of the time-frequency plane. A kind of cross-term suppres-
sion based on the 2D Gabor expansion of the WV transform into the time-
frequency distribution series (TFDS) was therefore developed [24]. The
TFDS simulation is beyond the scope of this book.
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2.5.4 Examples of 2D Image Simulation

Let us consider image simulation examples for various target orientations in
four cases: (1) with target rotational uniform motion; (2) with linear uniform
motion without yaws and practically without rotational modulation; (3)
with linear uniform motion without yaws and with significant rotational
modulation; and (4) with translational motion with yaws and practically
without rotational modulation. The image contrast was artificially improved.

Example of Simulation for Uniform Rotational Target Motion. A simulated 2D
image of a B-52-type aircraft and the direction of its illumination are shown
in Figure 2.32. The target is assumed to have uniform rotation in aspect
(course-aspect angle) from 95.86° to 95° around the target coordinate system
origin without translational motion. The target roll- and pitch-aspect angles
are supposed to be constant. We chose them artificially to have almost all
the bright elements unshadowed by others. The illumination is performed
on a carrier wavelength of 3 cm with Gaussian chirped pulses of 160-MHz
deviation, each of them providing resolution in range of about 1m. The
number of pulses processed to obtain the image is 128. The target rotation

Figure 2.32 Simulated 2D image of B-52-type aircraft rotating in aspect from 95.86° to
95°. The carrier wavelength l is 3 cm; the range and cross-range resolutions
are equal to 1m.
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angle was chosen by (2.31) to provide cross-range resolution of 1m. The
most principal bright points are not shadowed in this case, so the target’s
2D image could be easily interpreted.

Examples of Simulation for Linear Uniform Target Motion Without Yaws and
Practically Without Rotational Modulation. The simulated 2D images of a
B-52-type aircraft flying straightforwardly with constant velocity and the
directions of its illumination are shown in Figure 2.33(a) and (b) for two
carrier wavelengths. The target flies without random disturbances, and rota-
tional modulation is negligible. The initial aircraft distance is 15 km, its

Figure 2.33 Simulated 2D images of B-52-type aircraft for its straightforward flight with
the aspect 95° without yaws and practically without turbine modulation for
two cases: (a) carrier wavelength l is 3 cm, cross-range resolution is 1m;
and (b) carrier wavelength l is 10 cm, cross-range resolution is 3m. The
target initial range is 15 km, the target altitude is 5000m, the target velocity
is 800 km/h, and range resolution is 1m.
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flight altitude is 5000m and velocity is 800 km/h. A motion compensation
procedure with only one reference point is sufficient. The course is 95°.
Bright elements of the left wing are shadowed by the target body. The
illumination signal consists, as in the previous case, of 128 Gaussian chirped
pulses with frequency deviation of 160 MHz and the PRF of 125 Hz. Under
these conditions the observation time of 1 sec provides target rotation by
0.9° and cross-range resolution of about 1m for the carrier wavelength
l = 3 cm [Figure 2.33(a)]. For the longer carrier wavelength l = 10 cm,
the cross-range resolution is reduced to about 3m [Figure 2.33(b)].

Examples of Simulation for Linear Target Motion with Rotational Modula-
tion. Rotational (turbine) modulation may distort the 2D image, as illus-
trated in Figure 2.34(a). The initial target aspect is chosen here equal to
115° to increase the turbine effect. The carrier wavelength l = 3 cm and
the remaining parameters are the same as in the previous case. Together
with some decrease of cross-range resolution, the additional points occur
on the image complicating its interpretation. The influence of rotational
modulation decreases on the carrier wavelengths l ≥ 10 cm [Figure 2.34(b)]
and in the cases of a higher PRF [Figure 2.34(c)].

Example of Simulation for Translational Target Motion with Yaws and Practically
Without Rotational Modulation. The target’s random motion limits the inter-
vals of the coherent integration and cross-range resolution, especially at large
distances. Influence of target yaws on the 2D image is illustrated in Figure
2.35 for cloudy weather (see Section 1.4). The carrier wavelength and other
parameters are the same as for Figure 2.33(a).

Some Conclusions from the Results of Analysis and Simulation. A high-quality
2D image contains a body of information, but it is difficult to obtain such
an image for the usual ranges of radar operation. Considering the case of
the chirp signal, we illustrated above some difficulties of obtaining high-
quality images: the shadowing of the image parts and the possible image
distortions due to the rotational modulation and yaws of target. Taking into
account the conclusions of Section 2.4, one can note that in the case of the
separated SF signal, the difficulties may become even greater.

One can also see that the simulation method used above may be too
rough in the case of very high range and cross-range resolution, because it
yields as yet insufficient numbers of the image elements. This does not
influence, however, the essence of the conclusions formulated above.
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Figure 2.34 Simulated 2D images of B-52-type aircraft for straightforward flight with an
aspect of 115° without yaws, but with the turbine modulation being more
explicit than in Figure 2.32, for three cases: (a) carrier wavelength l is 3 cm
and PRF is 125 Hz; (b) carrier wavelength l is 10 cm and PRF is 125 Hz; and
(c) carrier wavelength l is 3 cm and PRF is 1000 Hz. The remaining parameters
are the same as for Figure 2.32(a).
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Figure 2.35 Simulated 2D image of B-52-type aircraft for translational motion with yaws
and practically without turbine modulation. The carrier wavelength l is 3 cm
and the remaining parameters are the same as for Figure 2.32(a).
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3
Review and Simulation of Recognition
Features (Signatures) for
Narrowband Illumination

Narrowband illumination still remains the most widely used kind of radar
illumination. Therefore, the signal signatures of narrowband illumination
must be considered carefully [1–8], although these signatures provide less
recognition information than those of wideband illumination. The possible
signatures are enumerated in Section 3.1 and are considered in Sections 3.2
through 3.4 in more detail.

3.1 Signal Signatures Used in Narrowband Illumination

Signal signatures used in narrowband illumination are:

• RCS and other parameters of the PSM [1, 5–10];

• Rotational modulation spectra [1–4, 7, 8, 11–15];

• Correlation factors of fluctuation via frequency diversity of two or
more reflected signals at close carrier frequencies [6–8].

See also Section 4.1.3 about the trajectory signatures (altitude, velocity,
etc.).
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3.2 RCS and Other Parameters of PSM

Let us consider the above-mentioned signatures, the results of their simula-
tion, and the comparison of these results with available experimental data.

3.2.1 RCS in Narrowband Illumination and Its Simulation

RCS in narrowband illumination contains limited, but sometimes useful,
recognition information about a target. The RCS value in decibels (relative
to 1 m2) can be estimated experimentally by the equation

s tg = 10 lgQ + 40 lgR − 10 lgW + D, dB (3.1)

Here, Q is the signal-to-noise energy ratio, R is the target range (in
meters), and W is the radar potential (in meters squared)

W = E radG t(e , b )A r(e , b )/(4p )2N0, m2 (3.2)

where, in its turn, E rad is the radiated energy (taking into account the
estimated losses in a piece of hardware) in J = W/Hz, e and b are the target
angle coordinates, G t(?) is the gain of radar transmitting antenna, A r(?) is
the effective aperture area of the radar receiving antenna, and N0 is the
spectral density of noise in W/Hz = J. The value of D, dB in (3.1) corresponds
approximately to additional losses in the propagation media and in the
transmitting and receiving systems omitted in the calculations.

Several successive illuminations are necessary to smooth the RCS fluctu-
ations (see the shaded zone between the dashed lines of Figure 2.9 showing
the normalized standard deviations of RCS estimates for various targets).
Unaccounted-for instabilities of transmitter power and receiver sensitivity
lead to the measurement errors even in conditions of power and sensitivity
monitoring. They must be accounted for as much as possible. Unaccounted-
for instabilities of propagation conditions, especially for the rainy weather
and low-altitude targets, are frequently inevitable. It is usually expedient,
however, to use available narrowband RCS information with a definite weight
because of the simplicity of obtaining it in the surveillance mode. The
information about the target obtained from wideband illumination can be
supplemented with that obtained from narrowband illumination. Such infor-
mation can help to discriminate a small-sized passive decoy (with the Lune-
burg lens, for instance) from the small-sized missile, as well as to discriminate,
presumably, a large-sized stealth aircraft from a large-sized nonstealth one.
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Simulated and Experimental RCS. Examples of simulated statistical distribu-
tions of RCS for the targets of various types are shown in Figure 3.1. Such
statistical distributions for vertical, horizontal, and cross-polarizations for the
Tu-16-type aircraft are shown in Figure 3.2. It is seen that evaluation of
averaged RCS gives us some information about the target dimensions (large,
medium, small).

In Figure 3.3 we show the simulated mean RCS of the F-15-type
aircraft via the 10° azimuth-aspect sectors in L, S, and X radar bands. All
the RCS values having the probability density above the 0.8 level are plotted
in dB relative to the maximum (broadside) mean value. The line segments
are therefore limited by the 0.8 level of corresponding probability density.
The mean RCSs for each sector and each band are shown by the circlets.

Figure 3.1 Simulated statistical distributions of RCS for the Tu-16- (solid line) and Mig-
21-type (dotted line) aircraft and ALCM-type missile (dashed line) in L-band
for horizontal polarization.

Figure 3.2 Simulated statistical distributions of RCS for the vertical (solid line), horizontal
(dotted line), and cross (dashed line) polarizations in L-band for the Tu-16-
type aircraft.
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Figure 3.3 Simulated mean RCS for the F-15-type jet fighter in three radar bands.

Figure 3.3 is given by the analogy with Figure 3.3.2 of [9] that represent
the corresponding experimental dependency for a jet fighter. The coincidence
of Figure 3.3 and Figure 3.3.2 of [9] data is not complete, and that can be
ascribed to simulation defects and to the difference in aircraft types. But the
structures of dependencies are close to each other. The better coincidence
of simulated and experimental data was observed for the Mig-21-type aircraft
when disagreement of simulated and experimental RCS did not exceed
2.5 dB for the majority of aspect angles. Models for statistical distributions
of RCSs essential for the theory of targets detection will be considered in
Chapter 6.

3.2.2 Other Parameters of the Polarization Scattering Matrix and
Their Simulation

Functions of the PSM Elements as the Recognition Signatures. Various signa-
tures can be built by the heuristic combination [5, 6] of the PSM elements
of (1.3) with and without representation of the PSM through the diagonal
matrix (1.6).

Let us begin with the simplest signatures of a conducting sphere and
a conducting dipole. The wavelength is assumed to be small in relation to
the sphere radius and large in relation to the dipole thickness. The diagonal
matrix of PSM’s square roots from eigenvalues in a linear basis has two equal
nonzero elements for the sphere and only one for the dipole.

Let us go on to the signatures that are similar to the considered range-
polarization profiles (Section 2.3.1). For the narrowband illumination we
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have been limited to only one sample m = 1 of the coherent RPP (2.8).
Such a polarization profile appears for a given polarization of the illumination
signal of monostatic radar as Ẋ = ||X ′ X ″ exp( jb ) ||T. Its modulus is

| Ẋ | = √(X ′ )2 + (X ″ )2 and its normalized form is Ẋn = Ẋ / | Ẋ |. The correla-
tion procedure Z = | Ẏ*TẊ | analogous to the procedure of Section 2.3.1 or
the normalized one can then be used.

Let us show that the processing procedure described in Section 2.3.1
is connected with the evaluation of the PSM elements. If the illumination
signal has horizontal polarization and reception is provided at horizontal
and vertical linear polarizations, this vector of the expected signal Ẋ is equal
to

Ẋh = ||√s11 ? e jw 11 √s12 ? e jw 12

√s21 ? e jw 21 √s22 ? e jw 22 || ||K0 || = ||Xh′ Xh″ exp( jbh) ||
T

(3.3)

Parameter K can be chosen from the normalization condition for vector
Ẋh or vector Ẋ defined below by (3.5).

In the case when the illumination signal has vertical polarization and
the reception is provided at horizontal and vertical linear polarizations, the
vector of the expected signals is equal to

Ẋ v = ||√s11 ? e jw 11 √s12 ? e jw 12

√s21 ? e jw 21 √s22 ? e jw 22 || || 0
K || = ||X v′ X v″ exp( jb v) ||

T

(3.4)

If the conditions of coherent integration of information are fulfilled,
we can introduce the associated signature

Ẋ = || Ẋh Ẋ v ||
T

= ||Xh′ Xh″ exp( jbh) X v′ X v″ exp( jb v) ||
T

(3.5)

As it was in the case of RPs (Section 2.2), a cluster of polarization
profiles Ẋ (or Ẋh, or Ẋ v) can be used for the aspect ambiguity sector. The
basis of horizontal and vertical polarizations can be replaced by an arbitrary
orthogonal polarization basis, for instance, by the basis of two opposite
circular polarizations.
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Consider also as examples the functions of the PSM elements after
PSM representation through the diagonal matrix (1.6). Let us eliminate the
influence on the signature of the fast changing parameter of the matrix (1.6),
such as arg m1, and of its insufficiently stable parameter | m1 | = √s1 being
considered separately (Section 1.1). We can then use the following polariza-
tion signatures:

1. The absolute value of the ratio of PSM’s eigenvalues
| m2 /m1 | = √s2 /s1;

2. The difference of the arguments of the PSM eigenvalues argm2 −
argm1.

These parameters depend on the target’s type, as well as on the aspect
angle. Because of possible errors in the measurement of the aspect angle,
one can define the target polarization signatures only as random values
for a given sector of aspect angles. So, the two-parametric probability
density function (pdf) p ( | m2 /m1 | , argm2 − argm1) or analogous pdf
p ( | m2 /m1 | , |argm2 − argm1 | ) can define the recognition information avail-
able for the chosen signatures.

Example of Simulation. The pdf p ( | m2 /m1 | , |argm2 − argm1 | ), m2 ≤ m1
was simulated for the An-26-type aircraft and for the passive decoy missile
in the aspect sector of 0° to 15° from the nose at the wavelength l = 10 cm
(Figure 3.4). The difference of probability distributions is defined in this
case by the polarization transformation of the illumination signal by the
propeller blades of the An-26-type aircraft and by the absence of such
transformation by the Luneburg lens. However, such evident polarization
differences for the aerial targets can be considered as exceptions rather than
as rules.

Number of Independent Polarization Parameters for the Monostatic Radar
Case. The PSM (1.3) consists of four complex elements Ṡ i ,k (i , k = 1, 2)
or of eight scalar parameters. For the usual backscatterers with the reciprocity
attribute Ṡ21 = Ṡ1*2 and under conditions when one of the initial phases
carries no usable information, we must consider only five independent scalar
parameters of PSM. Only four such parameters will be used if one of RCS
values is considered separately. Each normalized vector Ẋh and Ẋ v is described
by two scalar parameters. Vector Ẋ = || Ẋh Ẋv ||T is described by four param-
eters: √s21 /s11, w21 − w11, √s22 /s12 and w22 − w12.
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Figure 3.4 The two-parametric pdf p ( | m 2 /m 1 | , argm 2 − argm 1) simulated for the An-26-
type aircraft and for the passive decoy missile in the 0° to 15° aspect sector
at the wavelength l = 10 cm.

3.3 Rotational Modulation Spectra

The rotational modulation spectra depend on:

• The type of a target;
• The wavelength;
• The aspect of a target;
• The PRF;
• The time of coherent integration.

The dependence of the spectrum on the target type determines the
recognition information (Sections 3.3.1–3.3.5). One must consider this infor-
mation when taking into account the other listed factors essential for recogni-
tion. Let us note that effective use of rotational modulation signatures
presumes the presence of sufficient information about the propulsion engines.
Since we had no reliable data about the engines, the tentative parameters
were set in the backscattering model. The possibility of replacing these
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parameters by more reliable ones can be provided for instead of using the
tentative data. For the use in recognition of the rotational modulation
signatures (RMS), see also Sections 4.1.5 and 4.1.6 and Sections 4.1.9 and
4.1.10.

3.3.1 Rotational Modulation Spectra of Various Targets

Figure 3.5 shows the rotational modulation spectra of the Tu-16-type turbo-
jet, the An-26-type turbo-prop aircraft, and the AH-64-type helicopter for
illumination at 3-cm wavelength; the PRF is 10 kHz and the coherent
integration time is about 26 ms. The aspects of the targets are 20° from the
nose. All the spectra of Figure 3.5 contain the airframe line in the middle
of the frequency gate and the lines of rotational modulation on both sides
of it. For each stage of rotational structure, the blade frequency NFrot defines
the interval between the spectral lines. Here, N is the number of blades of
the rotational structure stage and Frot is the rotation rate. Variations of N
and Frot values lead to a different density of rotational modulation spectra
for various types of propulsion engines.

Let us first discuss the rotational modulation spectrum of turbojet
aircraft. Due to the aspect angle of 20° from the nose, the engine compressor’s
blades and not those of the turbine are illuminated by a radar. The rotational

Figure 3.5 Simulated rotational modulation spectra of the (a) Tu-16-type turbojet and (b)
An-26-type turbo-prop aircraft and (c) the AH-64-type helicopter for l = 3 cm
wavelength, 10 kHz PRF, and 26 ms coherent integration time. The aspects
are 20° from the nose.
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spectrum lines of a turbojet aircraft, the Tu-16-type here, are the most sparse
of those shown in Figure 3.5. The latter are determined by the highest
rotational rate Frot and the largest numbers N1 and N2 of blades of the
engine compressor’s stages. Here, N1 and N2 are the number of blades of
the first and second compressor stage. As it was experimentally justified
[14, 15], the reflections from the first and second stages are essential for the
formation of the rotational spectrum of a turbojet aircraft. The spectrum
contains both the main blade frequencies of the first and second stages, and
the combinational ones.

The rotational modulation spectrum of a turbo-prop aircraft is denser
than that of a turbo-jet aircraft because the observable rotational structure
(propeller) consists of fewer blades. Their length is greater and their rotational
rate is less than those of a turbo-jet aircraft. The spectral lines begin to
overlap, and the spectrum itself approaches a continuous one with strong
asymmetry and angularity.

The rotational modulation spectrum of a helicopter is practically contin-
uous with relatively slight asymmetry and great width. This is caused by a
small number of large rotor blades rotating relatively slowly in the horizontal
plane. The result of such rotor orientation is the maximum rotational modula-
tion for almost all the aspects.

3.3.2 Rotational Modulation Spectra for Various Wavelengths

The waveband limitations of rotational modulation were discussed qualita-
tively in Section 1.5.1. Figure 3.6 shows the simulated spectra of rotational
modulation for different wave bands: X (l = 3 cm), C (l = 5.25 cm),
S (l = 12.25 cm), and L (l = 23 cm). All the spectra are given for the
Tu-16-type aircraft and correspond to an aspect of 45° from the nose, PRF
of 10 kHz, and coherent integration time of 26 ms. It can be seen that the
signal rotational modulation caused by turbo-jet engines gradually decreases
with the wavelength increase.

The signal rotational modulation caused by engines of turbo-prop
aircraft and helicopters remains significant for even longer waves up to the
meter ones.

3.3.3 Rotational Modulation Spectra for Various Aspects of a Target

As it was pointed out before, the rotational modulation spectrum of a
helicopter does not usually depend on its aspect. But, for a turbo-jet aircraft
the aspect significantly influences the rotational modulation. This influence
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Figure 3.6 Simulated rotational modulation spectra of the Tu-16-type turbo-jet aircraft
for wavelengths (a) l = 3 cm, (b) l = 5.25 cm, (c) l = 12.25 cm, and
(d) l = 23 cm. The PRF is 10 kHz, coherent integration time is 26 ms, and the
aspect angle is 45° from the nose.

is conditioned by two factors. First, the aspect determines whether a compres-
sor or a turbine of the engine, or neither of them, is illuminated by the radar.
Secondly, small aspect variations may cause fading of rotational modulation
because of interference of signals backscattered from several engines of a
multiengine aircraft.

Figure 3.7 shows the rotational modulation spectra of the Tu-16-type
aircraft for aspects of 0°, 60°, and 160° from the nose. Illumination is
simulated for a wavelength l = 3 cm, with the PRF of 10 kHz, and the
coherent integration time of 26 ms. Such spectra for aspects of 20° and 45°
from the nose were shown in Figures 3.5(a) and 3.6(a), respectively. Rotation
rates of engines were assumed here to be identical. That is not the rule. If
rotation rates of engines are not identical, the angular fading transforms into
temporal beatings that differ for various directions.

At target aspects of 0° and 60° from the nose the rotational modulation
is conditioned by compressor blades, while at an aspect of 160° from the
nose it is conditioned by turbine blades. The turbine spectrum differs then
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Figure 3.7 Simulated rotational modulation spectra of the Tu-16-type turbo-jet aircraft for
aspect angles of (a) 0°, (b) 60°, and (c) 160° from the nose. Wavelength
l is 3 cm, the PRF is 10 kHz, and the coherent integration time is 26 ms.

from that of the compressor by having a greater blade frequency and by a
smaller number of spectral lines. The great number of turbine blades leads
to the screening effect and justifies frequently the ‘‘one-stage’’ turbine model.
At that, there are the aspect sectors of very weak rotational modulation near
aspects 0°, 90°, and 180° from the nose.

The fading of rotational modulation of a multiengine aircraft beyond
the cited sectors can be caused by small aspect variations. This is illustrated
in Figure 3.8, where the rotational spectrum of the Tu-16-type aircraft is
shown for the aspects of 45°, 46°, and 47° from the nose. It can be seen
that the rotational spectrum lines are changed from weak [Figure 3.8(a)] to
strong [Figures 3.8(b), (c)] when the aspect variation is about 1°.

3.3.4 Rotational Modulation Spectra for Various PRFs and Coherent
Integration Times

Low PRF leads to frequency aliasing of the spectral lines. In this case an
unambiguous spectrum of rotational modulation can be obtained when the
PRF is at least twice as high as the highest frequency of the modulation
spectrum. The influence of PRF on the distortions of rotational modulation
spectra is illustrated in Figure 3.9. Here, the spectra of the Tu-16-type
aircraft are shown for the PRFs of 40, 6, and 2 kHz, respectively. The
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Figure 3.8 Simulated rotational modulation spectra of the Tu-16-type turbo-jet aircraft for
the aspect angles of (a) 45°, (b) 46°, and (c) 47° from the nose. Wavelength
l is 3 cm, the PRF is 10 kHz, and the coherent integration time is 26 ms.

Figure 3.9 Simulated rotational modulation spectra of the Tu-16-type turbo-jet aircraft for
PRF of (a) 40 kHz, (b) 6 kHz, and (c) 2 kHz. Wavelength l is 3 cm, the coherent
integration time is 26 ms, and the aspect angle is 45° from the nose.
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spectrum without aliasing is obtained only for the 40-kHz PRF. For the
lower PRFs (6 and 2 kHz) the spectral lines are placed at arbitrary positions
due to the aliasing.

A decrease of the coherent integration interval leads to rotational modu-
lation spectra of less detail, thus affecting their discrimination for various
types of targets. Figure 3.10 illustrates the rotational modulation spectra
obtained for smaller intervals of coherent accumulation of 13 and 6.5 ms.
With a decrease of this interval, the spectral lines become wider.

The two factors listed above interfere with the recognition, hindering
proper and precise frequency measurement. But the rotational spectrum of
each target can, possibly, remain identifiable. The rotational spectrum of a
turbo-jet aircraft can still be recognized from those of a turbo-prop aircraft
and helicopter. Moreover, several different turbo-jet (turbo-prop, etc.) aircraft
can sometimes be distinguished by their rotational spectra despite the fre-
quency aliasing. Such possibilities require the quantitative justification (see
Sections 4.1.9 and 4.1.10).

3.3.5 Comparison of Simulated Spectra with Experimental Ones

The number of available experimental publications on the subject of rota-
tional modulation spectra is limited. R. E. Gardner’s works and other works
were referred to in [2]. A series of works on this subject was mentioned in
Chapter 1; [3, 11–15] of this chapter are among them. The results of
simulation are consistent with all the experimental data mentioned in these
works. The notes about our use of provisional engine parameters were made
above.

Figure 3.10 Simulated rotational modulation spectra of the Tu-16-type turbo-jet aircraft
for coherent integration time of (a) 13 ms and (b) 6.5 ms. The wavelength is
3 cm, the PRF is 10 kHz, and the aspect angle is 45° from the nose.
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3.4 Correlation Factors of Fluctuations Via Frequency
Diversity

The frequency diversity operation is provided in some radars. We restrict
the discussion here to the kind of frequency diversity where the time interval
between the signals at different frequencies is small enough to assume the
target is unmoved. Correlation of fluctuations at these frequencies depends
on the frequency diversities and the radial size of a target.

Information Obtained from the Main Lobe of Normalized Correlation Function of
Fluctuations. For the main lobe this correlation decreases with an increase
of the target radial size and frequency diversity. This allows us to classify
targets approximately by their radial size by estimating the fluctuation correla-
tion for fixed frequency diversity. Normalized correlation functions obtained
by simulation are shown in Figure 3.11 for the Tu-16-type and Mig-21-
type aircraft and the ALCM-type missile for the aspect sector of 0° to 15°
from the nose for l = 3 cm wavelength. It can be seen that correlation of
fluctuations in relation to the frequency diversity has characteristics of an
antenna pattern.

Information Obtained from the Whole Normalized Correlation Function of Fluctua-
tions. To obtain such information over a limited time interval, illumination
signals at several carriers are necessary. For the small number of carriers [16],
this case differs from the wideband one by the reduced information extracted
from the backscattered signal. However, it is simpler to realize in unsophisti-
cated radars.

Figure 3.11 Simulated correlation coefficient of fluctuations versus frequency diversity
for the Tu-16-type and Mig-21-type aircraft and the ALCM-type missile for
the aspect sector of 0° to 15° from the nose. The wavelength l is 3 cm.
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4
Review and Simulation of Recognition
Algorithms’ Operation

We consider at first the Bayesian (Section 4.1) and nonparametric (Section
4.2) recognition algorithms and their applications for solution of various
recognition problems [1–13]. Efficiency of the recognition signatures consid-
ered previously (Chapters 2 and 3) and of their combinations can be estimated
only through extensive recognition simulations. Review and simulation of
Sections 4.1 and 4.2 are carried out to solve recognition problems of two
kinds: recognition of target classes and recognition of target types, both with
quality evaluations. The possibility of preliminary wavelet transform of data
mentioned in the literature is casually discussed in Section 4.3 [14–16]. In
Section 4.4 we consider neural recognition algorithms being of notable
importance [17–24]. The gradient methods of training them are discussed
and simulated, the quality of recognition is evaluated, and evolutionary
(genetic) methods of training are also discussed. In addition, in Section
4.1.3 we consider the concept of the cooperative Recognition-Measurement
Algorithm now attracting attention [25–26].

4.1 Bayesian Recognition Algorithms and Their
Simulation

On the basis of the recognition quality indices introduced previously (Section
1.6.1), we consider in this chapter basic Bayesian recognition algorithms for
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128 Computer Simulation of Aerial Target Radar

a quasi-simple cost matrix (Section 4.1.1) and their additive variants (Section
4.1.2), which allow for the establishment of a set of efficient signatures
(Sections 4.1.3–4.1.5). Such signatures as trajectory parameters and RCS
are discussed in Section 4.1.3. Essential components of Bayesian additive
recognition algorithms related to a set of target RPs are established and
clarified in Section 4.1.4. The components of the Bayesian additive recogni-
tion algorithm related to rotational modulation and other signatures are
considered in Section 4.1.5. The possibility and effectiveness of using the
cpdf of RPs instead of a set of standard RPs or other signatures are considered
in Section 4.1.6. Various noteworthy simulation examples of target class and
type recognition are given in Sections 4.1.7 through 4.1.9 on the basis of
simplified and individualized standard RPs (Section 2.2.2), cpdf of RPs
(Section 2.2.2), rotational modulation spectra (Section 3.3), and other signa-
tures. Finally, the information measures for various recognition signatures
are evaluated, and the optimal target alphabets from the informational view-
point are discussed (Section 4.1.10).

4.1.1 Basic Bayesian Algorithms of Recognition for the Quasi-simple
Cost Matrix

A Posteriori Conditional Mean Risk of Recognition for the Quasi-simple Cost
Matrix. The a posteriori conditional mean risk r (i |y) [1, 5–9] is defined
under the condition that the ‘‘signal plus noise’’ realization y has been
obtained. The conditional mean risk r (i ) for the quasi-simple cost matrix
(1.52) can be calculated according to (1.53) and can also be regarded as the
result of statistical averaging of the a posteriori conditional mean risk r (i |y)

r (i ) = − ∑
K

k=1
r k P i |kPk = E

(y)

r (i |y)p (y)dy (4.1)

Here, r k is a positive premium for correct recognition of the k th object,
Pk is an a priori probability of appearance of the k th object, Pi |k is a
conditional probability of the decision about the presence of the i th object
given the actual presence of the k th object.

The conditional probability Pi |k depends on vector y of the received
‘‘signal plus noise’’ samples, on the chosen decision function Ai (y) taking
two values 0 and 1, and on the corresponding conditional probability density
function pk (y) of vector y, so that
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P i |k = E
(y)

Ai (y)pk (y)dy (4.2)

Using equations (4.1) and (4.2), one obtains

r (i ) = E
(y)

r (i |y)p (y)dy = −E
(y)

∑
K

k=1
Ai (y)pk (y)r k Pkdy (4.3)

The condition

r (i |y)p (y) = − ∑
K

k=1
Ai (y)pk (y)r k Pk (4.4)

is a sufficient condition of validity for (4.3), and it can be used to optimize
recognition.

The sufficient condition of recognition optimization consists in minimi-
zation of the product r (i |y)p (y) by means of choosing the proper number
i . Since the value of p (y) does not depend on i , it is sufficient to minimize
the a posteriori conditional mean risk

r (i |y) = min (4.5)

Basic Form of Bayesian Recognition Algorithm. To realize a single-valued
recognition, only one nonzero function Ai (y) must be chosen while minimiz-
ing the r (i |y). The optimal value of i (i.e., the optimal estimate k̂opt of
target class (type) k) is

i = k̂opt = arg max
k

[ pk (y)r k Pk ] (4.6)

Operation arg max
k

[?] corresponds here to the choice of the argument k that

provides the maximum value of an expression [?]. Equation (4.6) can be
considered as the general Bayesian algorithm of recognition. The generality
of the simple algorithm (4.6) consists, first, in taking into account the
assignment of various unequal premiums r k for various correct decisions
k = 1, 2, . . . , K . So, the premium assigned for the correct recognition of
a large-sized target can be higher than that of a small-sized one. The generality
consists, second, in taking into account unequal a priori probabilities Pk of
appearance of the targets of various classes (types).
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The nearest to the optimal solution has the form

into = k̂nto = arg max
k≠ k̂opt

[ pk (y)r k Pk ]

Using this solution, we can revise the reliability of optimization of the
algorithm (4.6). If the values of expressions in square brackets for k = k̂nto
and k = k̂opt are too near to each other, then both solution variants can be
proposed provisionally with a simultaneous recommendation to prolong the
surveillance. We consider below only the case of the single decision evaluation
k = k̂opt, but the expressions being derived below may be extended to the
case of evaluating two close decisions k = k̂opt and k = k̂nto.

Variants of the Basic Bayesian Recognition Algorithm. Owing to the mono-
tonic nature of logarithmic function, we obtain

i = k̂opt = arg max
k

ln[ pk (y)r k Pk ] = arg max
k

[ln pk (y) + ln(r k Pk )]

(4.7)

One can also introduce the likelihood ratios l k (y) = pk (y)/pn (y), where
pn (y) is a conditional probability density function of vector y, independent
of k , corresponding to the presence of noise only. The likelihood ratio l k (y)
widely used in the theory of signal detection can replace the conditional
probability density pk (y) in (4.6). Then,

i = k̂opt = arg max
k

[l k (y)r k Pk ] = arg max
k

[ln l k (y) + ln(r k Pk )]

(4.8)

The vector of parameters a or its estimate â , used in recognition, can
replace, in turn, vector y in (4.5) and (4.6), so that

i = k̂opt = arg max
k

ln[ pk (a )r k Pk ] = arg max
k

[ln pk (a ) + ln(r k Pk )]

(4.9)

4.1.2 Additive Bayesian Recognition Algorithms

The Case of Independent Components of the Signal Parameter Vector. The
conditional probability density function pk (a |y) of the signal parameter
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vector a = ||a1 a2 . . . aN ||T can be found in this case as the product
pk (a |y) = pk (a1 |y)pk (a2 |y) . . . pk (aN |y). Its logarithm ln pk (a |y) in
(4.9) can be replaced then by the sum

ln pk (a |y) = ln pk (a1 |y) + ln pk (a2 |y) + . . . + ln pk (aN |y)
(4.10)

The Case of Independent Subrealizations of Signal. The set of the ‘‘signal
plus noise’’ subrealizations y1, y2, . . . , yN can be received in various modes
of illumination (narrowband, wideband) and at various moments of time.
Such subrealizations can usually be considered as independent stochastic
vectors. Then the probability density function of the ‘‘signal plus noise’’
vector realization y = ||y1 y2 yN ||T is a product of the subrealization
probability densities. The logarithm of this conditional probability density
ln pk (y) can be introduced in the form

ln pk (y) = ln pk (y1) + ln pk (y2) + . . . + ln pk (yN ) (4.11)

‘‘Generalized’’ Form of Additive Recognition Algorithm. The independent
parameter estimates â n = â n (yn ) are evaluated from the subrealizations
yn(n = 1, 2, . . . N1 ≤ N ) assumed to be independent (note that indepen-
dent parameter estimates can also often be evaluated from a single subrealiza-
tion). The independent logarithms of conditional likelihood ratios
ln l k (yk ) are assumed to be evaluated from other independent subrealizations
yn(n = N1 + 1, . . . N2 ≤ N − N1). Logarithms of conditional a posteriori
probability density functions ln pk (yk ) in a like manner are assumed to be
found from new independent subrealizations yn(n = N2 + 1, . . . N ). Gen-
eralizing (4.9) through (4.11), one obtains in this case

i = k̂opt = arg max
k
F∑

N1

n=1
ln pk (â n ) + ∑

N2

n=N1 +1
ln l k (yn ) (4.12)

+ ∑
N

n=N2 +1
ln pk (yn ) + ln(r k Pk )G

where only a part of the ln pk (â |y), ln l k (yk ), and ln pk (yk ) type summands
can take nonzero values. Expression (4.12) emphasizes that the summands
belonging to different independent signatures n can be taken in different
forms if these forms are identical for various hypotheses k , since the latter
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does not prevent comparing the hypotheses. Some summands of the
ln pk (ân ) type can introduce only a priori information [6–9].

The Case of Interdependent Components. As is known, if there is a depen-
dence between the random parameters a1 and a2, then p (a1, a2) =
p (a1)p (a2 |a1). Accordingly, (4.10) takes the form

ln pk (a |y) = ln pk (a1 |y) + ln pk (a2 |y, a1) + . . .

+ ln pk (aN |y, a1, . . . aN−1)

Additivity of algorithms in the simplest sense [i.e., according to (4.10)
through (4.12)] becomes nonoptimal. Using the simulation methods, how-
ever, one can be assured that in many cases the deviation from the optimal
algorithm is not very significant. In cases when this deviation is significant,
one can reduce its importance by increasing the interval between observations
or combining the interdependent summands of expression (4.12) into
enlarged ones. These algorithms are no worse, evidently, than the widely
used voting algorithms described in Section 4.2.

4.1.3 Components of Additive Bayesian Recognition Algorithms
Related to the Target Trajectory and RCS

Trajectory components of the additive algorithm (4.12) can be chosen in the
form ln pk (â n ), n = n tr for various hypotheses k . These components take
into account the altitudes, vector velocities, and accelerations of flying targets.
The trajectory information taken alone is usually insufficient for correct
recognition due to overlapping of parameter distribution regions for various
target classes, but it can be useful for recognition together with other kinds
of information about the target.

The Simplest Trajectory Parameters in the Case of Target Class Recogni-
tion. Figure 4.1 shows tentatively the distribution regions of the two-dimen-
sional parameter a = ||a1 a2 ||T including the velocity V = a1 and altitude
H = a2 for some classes of aerial targets. The distribution regions are
presented for the classes: (1) large-sized aircraft, (2) medium-sized aircraft,
(3) missile, [(3′) cruise missile], and (4) helicopter.

Figure 4.2 shows tentatively the distribution regions of the two-dimen-
sional parameter a including the velocity V = a1 and altitude H = a2 for
11 types of aerial targets.
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Figure 4.1 Tentative distribution regions of the ‘‘velocity V-altitude H ’’ 2D parameter for
various classes of aerial targets: (1) large-sized aircraft, (2) medium-sized
aircraft, (3) missile, (3’) cruise missile, and (4) helicopter.

Figure 4.2 Tentative distribution regions of the ‘‘velocity V-altitude H ’’ 2D parameter for
various types of aerial targets: Tu-16, B-52, B-1B, Mig-21, F-15, Tornado, An-26,
AH-64, ALCM, GLCM, and passive decoy.
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Formalization of the Parameter Distribution Regions. To formalize the distribu-
tion regions we can use a polygon or a matrix approximation.

The polygon approximation is introduced assuming that the a priori
probabilities of the parameter estimates â are distributed uniformly within
these polygon regions, so that ln pk (â ) = ln pk, if Ak â + Bk ≥ 0, and
ln pk (â ) = −∞ or pk = 0, if Ak â + Bk < 0. Correspondingly, the summation
in (4.12) must be carried out for the nonzero a priori probability densities
pk ≠ 0 only. The value of a probability density pk is defined by the inverse value
of a k th polygon area. The vector-matrix inequalities must be understood as
a set of scalar inequalities, defining position of the point â inside or on the
border of the k th polygon. In the case of three or more components of the
parameter vector a , the results for the polygon regions can be generalized
to polyhedron regions. In the case when the measurement errors are signifi-
cant, the size of the polygon (polyhedron) regions has to be correspondingly
enlarged.

The matrix approximation is described by K matrices with scalar multi-
pliers instead of K sets of matrix inequalities (see above). This approximation
is introduced on the assumption of replacing a continuous description of
the distribution region borders by discrete distributions within a rectangular
part of the velocity-altitude (V-H) plane embracing all the distribution
regions. As it was above, the a priori probability of the parameter vector hit
within each distribution region is assumed to be spread uniformly. The
elements of the k th matrix lying inside or on the border of the k th region
become units, and the other elements lying outside the region become
zeros. The matrix of units and zeros for each k th object is multiplied by
Pk = m k

−1. Here, m k is the ratio of the number of the k th matrix elements
equal to unity to the whole number of its elements.

Additional Possibilities of Using the Trajectory Information in the Case of Precise
Target Tracking. In the case of target tracking with sufficiently frequent
illumination, there are additional possibilities of using trajectory information
in more detail. One can use the vertical velocity component and various
accelerations. Especially interesting is the possibility of measuring the heading
and heading rate of a target more precisely by using the extended Kalman
filter, which allows the more efficient use of RP information.

Some interesting suggestions arise about verification of the ‘‘target
type–target aspect’’ complex hypothesis; see, for instance, [25, 26]. Instead
of choosing between K hypotheses about K target types in the aspect sector
(aspect uncertainty sector) Db , we can choose between PK complex hypothe-
ses about the target to be of k th type and to be in the aspect sector
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pDb /P (k = 1, 2, . . . , K ; p = 1, 2, . . . , P ). The hope is that this technique
will also improve the quality of target tracking in complex situations.

The RCS Component. This component of the additive algorithm (4.12) can
be chosen for various hypotheses k in the form ln pk (â n ), where n = n RCS

and â n = || ŝ1 ŝ2 . . . ||T. In the case of the approximately normal RCS

distribution, â n ≈ â n =
1
n ∑

n

m=1
sm . The components sm can take into account

the introduction of RCS in linear or logarithmic scale, at single or several
carrier frequencies, and for the case of narrowband and wideband signal use.
In the case of a narrowband signal, n is only the number of independent
measurements. In the case of a wideband signal, each value of sm is obtained
on its turn as a sum of the RCSs of resolved target elements. Multiplicative
distortions observed in the linear scale become additive in the logarithmic
scale.

Example of ‘‘Radial Extent-RCS’’ Distribution Regions. In addition to the
‘‘velocity-altitude’’ distribution regions of Figures 4.1 and 4.2, we show in
Figure 4.3 the ‘‘radial extent-RCS’’ distribution regions for the following
target classes: (1) large-sized aircraft, (2) medium-sized aircraft, (3) missile,
(4) small-sized passive decoy with the RCS greatly increased due to the

Figure 4.3 Tentative distribution regions of the two-dimensional parameter ‘‘radial extent-
RCS’’ for the aerial target classes: (1) large-sized aircraft, (2) medium-sized
aircraft, (3) missile, (4) passive decoy, and (5) aircraft with significantly
decreased RCS.
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Luneburg lens or corner reflector installed on it, and (5) aircraft with signifi-
cantly decreased RCS.

4.1.4 Component of Additive Bayesian Recognition Algorithms
Related to Correlation Processing of Range Profiles

The RP component n = nRP of the additive algorithm (4.12) for various
hypotheses k can be chosen in the form of the logarithm of a cpdf, multidi-
mensional in this case, ln pk (a n |yn ) ≈ ln pk (â n ), where â n = â n (yn ),
n = nRP. To realize this algorithm directly, it is necessary to estimate the
multidimensional conditional probability density function (multidimen-
sional cpdf) pk (a n ) for various values of k. Large a priori RP statistics are
therefore necessary. Hence, the correlation algorithms with some standard
profiles described above (Section 2.2.2) were used at first in the theoretical
and experimental investigations. These algorithms are the approximations
of the additive recognition algorithm (4.12), as it will be shown below. They
approximate the algorithm based on the multidimensional cpdf pk (a n ) for
various k (Section 4.1.6) as the number of standard RPs increases.

The Model of Entirely Known RP for Each Object. It is considered here as an
intermediate step toward the model of a known set of standard RPs for each
object [6, 9].

Let us introduce the expected single RP X of a single object being
sampled and normalized to unit energy, so that X = ||Xm ||,
m = 1, . . . , M and ∑

M

m=1
X 2

m = 1. Let us consider this RP as a burst of

expected complex samples Ẋ(b , b ) = b ||Xm exp( jbm ) || with unknown
phases bm and a common multiplier b . This burst of signal samples is
superimposed on the burst Ṅ = ||Ṅm || of independent samples of noise,
each with variance s2. The probability density function of noise samples is

p (ReṄ, ImṄ) = pN(Ṅ) = (2ps2)−M exp(−|Ṅ |
2
/2s2)

The superposition Ẏ = Ṅ + Ẋ(b , b ) for given bm and b has the
probability density function

pSN(Ẏ) = pN[Ẏ − Ẋ(b , b )]

Averaging of pSN(Ẏ) by phases and amplitude leads to difficult calcula-
tions. Let us find, therefore, the maximum likelihood estimates for all bm
and b from the equations
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∂
∂bm

ln pN[Ẏ − Ẋ(b , b )] = 0,
∂
∂b

ln pN[Ẏ − Ẋ(b , b )] = 0

(4.13)

One can obtain the estimates b̂m = arg Ẏm from the equation

∂ | Ẏ − Ẋ(b , b ) |
2
/∂bm = ∂ [(Ẏm − bXme jbm )(Ẏm* − bXme −jbm )]/∂bm = 0

being equivalent to the first of equation (4.13). The estimate

b̂ = ∑
m

| Ẏm |Xm ⁄ ∑
m

X 2
m = ∑

m
| Ẏm |Xm

can be obtained from the second of equations (4.13) and the normalization

condition ∑
m

X 2
m = 1. After replacing the pSN(Ẏ) by its estimate, we can

evaluate the logarithm of the likelihood ratio

ln l̂ (Ẏ) = ln[ p̂SN(Ẏ) /pN(Ẏ)]

= −
1

2s2 ∑
M

m=1
[(Ẏm − b̂Xme jbm)(Ẏm − b̂Xme jbm)* − | Ẏm |2]

= Z 2
S /2s2 (4.14)

that is to replace the ln l (Ẏ) entered in (4.12).
The logarithm of the likelihood ratio (4.14) is a monotonically increas-

ing function of the correlation sum

Z S = ∑
m

| Ẏm |Xm (4.15)

that was previously given by (2.4) without statistical grounding.
In the case of k = 1, 2, . . . , K various objects with the single standard

RP X = Xk = ||Xmk || for each object, the selection of maximum value of
correlation sum Z S = Z Sk permits the evaluation of the class or type of
object.

The Model of a Known Set of Standard RPs for Each Object. It is used because
the orientation of an aerial target can be evaluated only approximately and
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is defined by a comparatively broad aspect sector. An arbitrary object of k th
class or type is described then by several g = 1, 2, . . . , G standard RPs
Xg |k = ||Xm,g |k ||. Each g th standard RP of the k th object is characterized

with a priori conditional probabilities P g |k , the sum of which ∑
G

g=1
P g |k is

equal to unity. Expression (4.14) takes the form

ln lk (Y) = lnF∑
G

g=1
P g |k exp(Z 2

Sg |k /2s2)G (4.16)

where Z Sg |k is the correlation sum (4.15) for Xm = Xm,g |k .

The Case of Imprecisely Known Range of a Target. It is typical when the
wideband recognition signals are radiated immediately after radiation of
narrowband signals. The imprecisely known target range can hamper the
operation of the presented algorithms. But if the potential SNR is sufficiently
great, the maximum probable range can be evaluated directly from the raw
recognition data. So, the correlation sum Z Sg |k in (4.16) can be replaced
by

Z Sg |k = max
m

∑
m

| Ẏm |X (m−m )g |k (4.17)

where the optimal value of m elaborates the estimate of target range and
matches the received and standard RPs. Operation (4.17) can be considered
as a discrete linear filtration of the received RP samples |Ym | by the filter
matched to the standard RP Xg |k .

Since the exact time of the echo signal arrival is arbitrary, the sampling
moments for the RP and for the standard RP do not coincide, in the general
case. To avoid large errors in comparison of the similar hypotheses, it is
desirable that the signal sampling frequency in (4.17) be several times greater
than its bandwidth.

Stricter asymptotic grounding of (4.17) is analogous to the simplifica-
tion of (4.16) considered below in the case of asymptotically large SNR.

The Case of Asymptotically Large SNR for a Known Set of RPs. The exponential
form of summands (4.16) leads to domination, over the rest of summands,
of the one corresponding to the maximum value of the product

Pmax |k expSZ 2
max |k

2s2 D, which is calculated for some number g = gmax of

standard RP. After simple algebraic transform of (4.16), one obtains
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ln l k (Y) ≈ lnHFPmax |k expSZ 2
max |k

2s2 DG
? F1 + ∑

g ≠ gmax

P g | k

Pmax |k
expS−

Z 2
max |k − Z 2

g | k

2s2 DGJ
Computing the logarithm of multipliers’ product and using the approxi-

mate equation ln(1 + x ) ≈ x that is correct for |x | << 1, we have

ln l k (Y) ≈ lnPmax |k +
Z 2

max |k

2s2 + ∑
g ≠ gmax

P g | k

Pmax |k
expS−

Z 2
max |k − Z 2

g | k

2s2 D
For very large SNR the sum of the first two summands dominates

over the others, and we obtain

ln l k (Y) ≈ max
g FlnP g | k +

Z 2
g | k

2s2G (4.18)

Equation (4.18) can be used independently or as a part of (4.12). The
summands lnP g |k were absent in the heuristic formulae of Section 2.2.2.
They can be significant only if the values P g |k are unequal for the different
numbers g and k .

4.1.5 Components of Additive Bayesian Recognition Algorithms
Related to Correlation Processing of the RMS and Other
Signatures

The use of rotational modulation spectra (Section 3.3) can be carried out
in various forms. One such form envisages the correlation processing of a
spectrum part under the condition of fixed and stable PRF. The use of a
PRF that avoids spectrum overlapping is desirable, but escapable in this case.

Let us consider the sampled amplitude-frequency spectrum G (Fk )
(k = 1, 2, . . . , K ) of a burst of pulses having constant PRF and subjected
to rotational modulation (Sections 1.5 and 3.3). The set G of such spectrum
samples G (Fk ) within the frequency interval FD ≤ Fk < FD + Fpr, where
FD is the target doppler frequency and Fpr is PRF, can be considered as the
RMS analogous to the RP. Like the RP, the RMS can be normalized.
Correlation processing can also be used. Analogous to the simplest and
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individualized standard RPs (Section 2.2.2) the simplest and individualized
standard RMSs may be introduced.

In the simplest case, the cooperative use of rotational modulation and
RPs consists of comparison of two or many successive RPs to reveal the
influence of the rotational modulation sources. As it was shown in Figure
2.6, the successive RPs of a helicopter are slightly correlated, and this can
be used as an additional signature. Such a signature was observed first in
the 1980 experiment on a radar heightfinder operated in the high-frequency
part of S-band (Section 2.2.5), but it can also be used in a very broad
frequency band.

As was shown in Figures 2.2 through 2.6 and 2.19, the positions of
the aircraft rotating parts are also observable on an RP at the wavelengths
l < 10 cm as an additional signature. Increasing a number of successive RPs
allows us to obtain range-frequency signatures (Figure 2.19) combining RP
and rotational information. Two-dimensional correlation processing with
matching of the type (4.17) in range and in frequency can be used for this
purpose. Obtaining the range-frequency signature presumes that the duration
of the coherent pulse burst is sufficient for an acceptable spectral resolution
of rotational modulation components and insufficient for spectral resolution
of the target body cross-range elements. All the signatures considered here,
like the RP, can be grounded theoretically if one considers an independent
subrealization yn of additive algorithm (4.12) including more than one RP.

Use of ISAR procedures and two-dimensional images presupposes the
pulse burst duration to be sufficient for resolution of the cross-range elements
of a target body (Section 2.5). The amplitude information necessary for
recognition can be used in a 1-bit (binary) [2] or multibit digital form. Two-
dimensional correlation processing requires us to ensure the matching in three
parameters: range, cross range, and aspect angle. Together with correlation
processing, the neural one (Section 4.4) can be carried out, but the recognition
algorithm operation in this case remains insufficiently studied.

Let us now discuss the use of range-polarization and polarization pro-
files. Since these signatures (Sections 2.3.1 and 3.2.2) have a form analogous
to the RP form, they can be subjected to correlation processing, coherent
or noncoherent, analogous to that described above. Specifics of coherent
correlation processing (2.8), which can be reasoned strictly, consist of
accounting for the complex character of correlation sums.

4.1.6 Use of cpdf Instead of Sets of RPs, RMSs, or Other Signatures

Evaluation of the cpdf of RPs. An arbitrary pdf of a scalar random variable
x can be evaluated by smoothing its histogram or by using the method of
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Parzen window functions [2]. It is convenient to employ the Gaussian
window function

w (u ) =
1

√2p
e −0.5u2

We suppose that a great number N of experimental or simulated values
Y1, Y2, . . . , YN of the scalar random variable Y is obtained. The pdf
approximation by Parzen windows takes the form

p (Y ) ≈
1

NA ∑
N

n=1
wSY − Yn

A D
where A is a supplementary scale parameter that is defined from the pdf
normalization condition

E
∞

−∞

p (Y )dY = 1

The described method of evaluation of the pdf p (Y ) is also applicable
to evaluate the cpdf pk (Y ) introduced under the condition that a target of
the k th (k = 1, 2, . . . , K ) class (type) is present.

Use of the cpdf of RPs or RMSs Instead of a Set of Standard RPs or
RMSs. Instead of introducing various normalized standard RPs or RMSs,
one can introduce the cpdf of the individual samples of RP or RMS under
the assumption of their independence. The summand ln pk (yn ) of (4.12),
where n is the number of subrealizations, can be replaced by

ln pk (yn ) = lnPM
m=1

pm |k (Ymn ) = ∑
M

m=1
ln pm |k (Ymn )

Here, pm |k (Ymn ) is the cpdf of the m th sample of the k th RP or RMS
received by means of the n th signal subrealization for an uncertainty sector
of target orientation. If the SNR is high, then the cpdf obtained without
noise can approximate the cpdf obtained in the presence of noise. But the
cpdf approximation for the SNR of 20 to 30 dB proved to be more suitable
in simulation than that for the SNR tending to infinity (see Section 4.1.8).
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Values of cpdf pm |k (Y ) or lcpdf ln pm |k (Y ) must be stored in a computer’s
memory and used after reception of all the samples Ym |n .

The Case of Imprecisely Known Range or Doppler Frequency of a Target. Using
the RPs or RMSs, we have in this case

ln pk (yn ) = lnF∑
m

Pm PM
m=1

p (m−m ) | k (Y(m−m )n )G
where Pm is the a priori probability of an error in range or doppler frequency
equal to m sampling intervals, so that ∑

m

Pm = 1. The distribution of values

Pm corresponds usually to the normal pdf with a variance depending on the
accuracy of range or doppler frequency measurement.

If the potential SNR is high, the latter equation takes the filtration-
like form

ln pk (yn ) = max
m FlnPm + ∑

M

m=1
ln p (m−m ) | k (Y(m−m )n )G (4.19)

where the chosen value of m maximizes (4.19).
The equations obtained above can be employed not only for the use

of RP, but also for RMS. The optimal value of m in (4.19) then optimizes
the estimated doppler frequency or range of a target.

4.1.7 Simulation of Target Class Recognition Using the Simplest
Standard RPs and Other Signatures

Target Class Recognition Using the RPs, RCSs, and Trajectory Signatures.
Radar recognition of four target classes was simulated using a chirp signal
of 80-MHz bandwidth in the high-frequency part of S-band [7, 9].

The recognized classes were: (1) large-sized aircraft (Tu-16, B-52, and
B-1B), (2) medium-sized aircraft (Mig-21, F-15, and Tornado), (3) missile
(ALCM and GLCM types), and (4) passive decoy.

Three signature sets (SSs) were considered:

• SS1: the correlation sums for G = 3 simplest standard RPs on a class
(12 on the whole) together with the wideband RCS. The simplest
standard RPs were obtained for target classes (without their individu-
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alization to target types) for aspect sectors of 20° on the basis of
several tens T > G of simulated training RPs on a sector (Section
2.2);

• SS2: the set SS1 + RCS estimated by 10 to 15 narrowband illumina-
tions;

• SS3: the set SS2 + trajectory signatures (the velocity and altitude
without specification for target types).

Together with accounting for the RCS fluctuations, an a priori error
of RCS measurement (due to instabilities of propagation conditions and
parameters of a transmitter and receiver) was considered with variance of
3 dB.

The factor of imprecisely known range of a target was considered here
also. The operation of the RP coarse centering was carried out, as it was in
the 1985–1987 experiment. To reduce computational expenses, the coarse
centering was provided on the basis of auxiliary rectangular RPs of various
durations corresponding to various hypotheses of target classes. The sampling
frequency was chosen two times higher than the minimal frequency corre-
sponding to the sampling theorem of Kotelnikov-Shannon. Unlike in the
experiment, the training in simulation was carried out on the basis of RPs
formed in the absence of noise.

For testing target class recognition, we simulated equiprobable appear-
ance of various class objects. Figure 4.4 shows the simulated probabilities
of errors in target class recognition versus potential SNR in dB for single
(N = 1) target illumination by a wideband signal of 80-MHz bandwidth
and for the sets of signatures SS1, SS2, SS3. The results of simulation for
the set of signatures SS1 correspond in the whole to results of the 1985–1987
experiment (Section 2.2.5). Unlike this experiment, the training of the
recognition algorithm was carried out in simulation without the noise back-
ground.

Corresponding simulated probabilities of errors versus potential SNR
in dB for several (N ≥ 1) target illuminations by a wideband chirp signal
of 80-MHz bandwidth and for the set of signatures SS1 are shown in
Figure 4.5. It is seen that recognition quality is improved when the number
of illuminations increases.

We see that the potential SNR for recognition, which is about 20 dB
or even more in our case, must be higher than for detection, which is 13
to 15 dB. The use of only several tens of training RPs, of three standard
RPs on a type, and of coarse RP centering (all that was conditioned by
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Figure 4.4 Simulated probabilities of errors in target class recognition, with equiprobable
object appearance, versus potential SNR for single (N = 1) target illumination
by a chirp signal of 80-MHz bandwidth, for the sets of signatures SS1, SS2,
SS3 (all with the simplest standard RPs and their coarse centering).

limited experimental and computational possibilities in the 1980s) was then
applied to succeeding simulations. Increases in the number of training and
standard RPs, in quality of their centering, in potential SNR, in number
of illuminations, and in signal bandwidth can improve the recognition
quality.

Specification of Target Class Recognition Using the RPs. The following simula-
tion was provided for recognition of three classes of targets by means of
several illuminations with a chirp signal of 80-MHz bandwidth in the high-
frequency part of S-band. The number T of training RPs was increased up
to 100, but the number G of standard RPs for each class in the 20° aspect
sector remained equal to 3. The appearance of targets of various classes was
assumed to be equiprobable (Pk = const); the importance of recognition of
all the targets was also assumed to be equivalent (r k = const). The summand
ln(r k Pk ) of (4.12) common here for all the recognized classes was neglected,
unlike in the previous case (see below). The classes to be recognized were
the same as above, but without the passive decoy. The standard RPs remained
not individualized according to the target types. Coarse RP centering was
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Figure 4.5 Simulated probabilities of errors in the target class recognition, with equiproba-
ble object appearance, versus potential SNR for several (N ≥ 1) target illumina-
tions by a chirp signal of 80-MHz bandwidth for the set of signatures SS1 with
simplest standard RPs and their coarse centering.

provided on the basis of auxiliary rectangular RPs (with the extent of 27
samples for the hypothesis of a large-sized aircraft, of 15 samples for the
hypothesis of a medium-sized aircraft, and of 7 samples for the hypothesis
of a missile).

In Table 4.1 we specify the errors showing the numbers of various
error and correct decisions made after 100 presentations of each of the RP
groups including one (N = 1), two (N = 2), and three (N = 3) independent
RPs each. The RPs were simulated on a noise background in the 20° aspect
sector. The numbers of correct and error decisions in Table 4.1 are random,
to a certain degree, due to randomness of the noise and RP realizations.
Due to this randomness, some results of Table 4.1 for the larger values of
N and SNR are worse than those for the smaller ones. But, in general, as
above, the recognition quality increases with increasing the SNR and N.

It can be seen that the worst conditions of recognition are for the
medium-sized targets, which can be misrecognized both as large- and small-
sized ones. Errors’ redistribution can be achieved by restoration of the sum-
mand ln(r k Pk ) of (4.12) and increasing the value r k for medium-sized
targets. We used such redistribution in the 1985–1987 experiment and in



146 Computer Simulation of Aerial Target Radar

Table 4.1
Numbers of Correct and Error Decisions About the Target Class Made Using Simplest

Standard RPs and Coarse RP Centering After 100 Presentations of the RPs’
Groups of Each Class

Presented Number N of Independent RPs in a Group
Targets N = 1 N = 2 N = 3

Number i = k̂ Number i = k̂ Number i = k̂
of Decisions about of Decisions about of Decisions about

Class SNR the Target Class the Target Class the Target Class
k Type dB i = 1 i = 2 i = 3 i = 1 i = 2 i = 3 i = 1 i = 2 i = 3

1 Tu-16 18 91 3 6 98 1 1 99 1 0
21 85 4 11 95 0 5 98 0 2
24 96 3 1 100 0 0 100 0 0

B-52 18 87 10 3 88 10 2 91 7 2
21 78 19 3 87 12 1 88 12 0
24 79 10 11 90 7 3 95 5 0

B-1B 18 77 7 16 82 4 14 82 3 15
21 81 6 13 82 4 14 82 4 14
24 85 9 6 94 5 1 94 5 1

2 Mig-21 18 13 55 32 4 63 33 0 81 19
21 6 70 24 0 76 26 0 89 11
24 3 70 27 0 85 15 0 89 11

F-15 18 14 53 32 6 62 32 3 78 19
21 8 64 28 2 73 25 0 75 25
24 5 71 24 0 89 11 0 86 14

Tornado 18 115 67 18 12 82 6 8 86 6
21 7 72 21 1 89 10 2 91 7
24 3 85 12 0 94 6 0 97 3

3 ALCM 18 11 10 79 1 5 94 1 3 96
21 4 7 89 0 1 99 0 1 99
24 1 4 95 0 0 100 0 1 99

GLCM 18 7 2 91 1 0 99 0 0 100
21 4 0 96 1 0 99 0 0 100
24 1 1 98 0 0 100 0 0 100

the simulation described above. It is interesting also that the large-sized
aircraft can be misrecognized not only as a medium-sized aircraft, but also
as a missile. The latter is because the RPs of large targets can become peaked
due to the interference of unresolved target elements. On the whole, the
results of Table 4.1 are somewhat better than those of Figures 4.4 and 4.5
due more to the increased number of training RPs than to the decreased
number of hypotheses to be compared.
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4.1.8 Simulation of Target Type and Class Recognition Using
Individualized Standard RPs and cpdf of RPs

Target Type Recognition Using the Individualized Standard RPs and cpdf of
RPs. The recognition quality can be significantly improved if:

• The number of training RPs is increased from several tens to about
several hundreds on a type;

• The number of standard RPs is also increased allowing the use of
individualized standard RPs or, in the limit, the cpdf of the RPs;

• Instead of coarse RP centering based on auxiliary rectangular RPs,
the filtration-like one [(4.17) and (4.19)] is used. For wideband
radar with precision tracking in range, the centering problem
becomes easier.

Figure 4.6 shows the simulated probabilities of errors in target type
recognition, with equiprobable appearance of 11 objects, versus potential
SNR in dB for various recognition algorithms:

• Correlation approximations of the additive Bayesian algorithm with
various numbers G = 1, 3, 5, 10 of individualized standard RPs on
a type (11, 33, 55, 110 standard RPs on a sector in the whole), with
filtration-like centering (4.17) and with the minimal Kotelnikov-
Shannon sampling frequency;

Figure 4.6 Simulated probabilities of errors in the type recognition of 11 objects versus
potential SNR for a single (N = 1) target illumination by an 80-MHz chirp signal.
The G = 1, G = 3, G = 5, and G = 10 curves correspond to the correlation
processing with various numbers G of individualized standard RPs on a type
in an aspect sector 0°–20° and filtration-like RP centering. The cpdf curve
corresponds to cpdf processing and exactly known range.
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• Additive Bayesian algorithm with direct evaluation of conditional
probability density functions of the RPs (cpdf processing).

In case of cpdf, the target range was assumed to be exactly known.
For a radar with narrow- and wideband signals, such an assumption makes
the recognition performance somewhat higher compared to filtration-like
RP centering (4.19). For a tracking radar with only wideband signals, such
an assumption can be justified, though the theory and technique of such
tracking are not yet developed sufficiently. The estimate of the RP cpdf was
obtained using the Parzen window (Section 4.1.6). Training sets of
T = 300 RPs for each target (3300 RPs in the whole on a sector) were used,
and the training was carried out in presence of noise under the assumption
of potential SNR to be arbitrarily chosen for each RP from 20 to 30 dB.
A wideband chirp signal in S-band with 80-MHz bandwidth was simulated
to produce the RPs in the nose-on aspect sector of 0° to 20°. In the processes
of training and testing the target pitch angle was changed monotonically
from −1° to 9° and the target roll angle was changed from −5° to 5°. The
sampling frequency was chosen equal to the minimal frequency corresponding
to the sampling theorem.

At the test stage it was supposed that each decision was made using
the only RP (N = 1). The recognition performance was tested here using
the training set of RPs superimposed on the realizations of noise different
from realizations used in the training. The simulated objects were Tu-16,
B-52, B-1B, An-26, Mig-21, F-15, and Tornado aircraft, an AH-64 helicop-
ter, missiles of ALCM and GLCM types, and a passive decoy. As was
assumed here, the decoy had only one Luneburg lens, so that its RP could be
distinguished from that of a missile without using any amplitude information.

Figure 4.7 shows the simulated probabilities of errors in target type
recognition for single target illumination versus bandwidth of a chirp signal
for the case of equiprobable appearance of 11 objects (curves 1 and 2) and
of six objects (curves 3 and 4). Curves 1 and 3 correspond to the correlation
algorithm of recognition with G = 3 individualized standard profiles. Curves
2 and 4 correspond to cpdf processing. The radar band, aspect sector, and
training set were the same as for Figure 4.6. Simulation was carried out for
the SNR of 25 dB. Filtration-like centering (4.17) was used in correlation
processing (curves 1 and 3). Curves 2 and 4 corresponding to cpdf processing
were obtained for exactly known target range. These results show us that
the signal bandwidth must be increased if the number of objects to be
recognized is increased.
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Figure 4.7 Simulated probabilities of errors in type recognition of 11 objects (curves 1
and 2) and of 6 objects (curves 3 and 4) versus bandwidth. The results are
obtained for correlation processing with G = 3 individualized standard RPs
(curves 1 and 3) and for cpdf processing (curves 2 and 4). The SNR was
25 dB; other parameters are the same as for Figure 4.6.

Target Class Recognition Using Individualized Standard RPs and cpdf of RPs. If
the probability of error in recognition is too high, it can be decreased by
combining various target types that are close to one another by some criterion
into the same class, preserving, however, the individualized standards. Misrec-
ognitions within close target types then become insignificant. Figure 4.8
shows the probability of error in recognition of four target classes: large-
sized (Tu-16, B-52, B-1B, An-26 aircraft), medium-sized (Mig-21, F-15,
and Tornado aircraft and an AH-64 helicopter), small-sized (missiles of
ALCM and GLCM types), and a passive decoy target for single illumination

Figure 4.8 Simulated probabilities of error in recognition of four classes of the targets
with individualized standard RPs: large-sized (Tu-16, B-52, B-1B, An-26),
medium-sized (Mig-21, F-15, Tornado, AH64), and small-sized (ALCM, GLCM,
and passive decoy) targets. Other parameters are the same as in Figure 4.6.
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by a chirp signal of 80-MHz bandwidth. The target types of Figure 4.6 were
combined here in classes by the criterion of similarity in radial extent. For
the use of three specialized standard RPs on a type and SNR of 23 dB, the
probability of error for single target illumination, equal to about 0.21 for
type recognition, decreases to about 0.095 for the class recognition. Let us
note that the An-26 aircraft is of such radial extent that including it in both
classes of large- or medium-sized targets is legitimate. The curves of Figure
4.8 do not change notably if An-26 aircraft is included in the class of
medium-sized targets.

4.1.9 Simulation of Target Type and Class Recognition Using
Rotational Modulation of a Narrowband Signal

Let us proceed to the consideration of the sampled amplitude-frequency
spectrum G (Fk ) (k = 1, 2, . . . , K ) of a burst of pulses having a constant
PRF and subjected to rotational modulation (Sections 4.1.5 and 4.1.6). The
RMS can be subjected to correlation or cpdf processing, in particular, on
the basis of the simplest and individualized standard RMSs and cpdf of
RMSs.

The best results in this approach can be obtained for coherent radar
with high PRF and long burst duration, but recognition will be simulated
below for a coherent radar with moderate PRF and burst duration. It will
be shown that some recognition information can be obtained in this case
as well (provided that reliable engine parameters were substituted for our
tentative ones).

Target Type and Class Recognition Using Individualized Standard RMSs and cpdf
of RMSs. A narrowband signal at a wavelength l = 5 cm consisting of 64
pulses with PRF of 1 kHz was simulated to produce the RMSs in the aspect
sector of 20° to 40° that can provide a better recognition than the aspect
sector of 0° to 20°.

Figure 4.9 shows the simulated probabilities of errors in target type
recognition, with equiprobable appearance of nine objects, versus potential
SNR in dB for various recognition algorithms:

• The correlation approximation of the additive Bayesian algorithm
with G = 3 individualized standard RMSs in the aspect sector and
with filtration-like centering (4.17);

• An additive Bayesian algorithm with direct evaluation of the cpdf
of the RMSs. The target’s doppler frequency was considered as
exactly known in this case.
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Figure 4.9 Simulated probabilities of errors in the RMS’ recognition of nine objects for
aspect sector 20° to 40° versus potential SNR for a single target illumination
by narrowband signal (l = 5 cm) consisting of 64 pulses with 1-kHz PRF. The
G = 3 curve corresponds to correlation processing with three individualized
standard RMSs on a type and with filtration-kind centering. The cpdf curve
corresponds to cpdf processing and exactly known doppler frequency.

An estimate of the RMS cpdf was obtained using a Parzen window
and the training sets of T = 300 RMSs for each target. The training was
carried out in the presence of noise, depending on the potential SNR to be
arbitrarily chosen for each RMS from 20 to 30 dB. In the processes of
training and testing the target pitch angle was changed monotonically from
−1° to 9° and the target roll angle was changed from −5° to 5°.

Each decision was made using the only RMS (N = 1) superimposed
on the realizations of noise different from realizations used in the training.
The simulated targets were the same as for Figure 4.6. But it was expedient
to combine all the targets producing no evident rotational modulation, such
as the missiles ALCM and GLCM and a passive decoy, into the class without
engine (WE). The other eight types of targets (Tu-16, B-52, B-1B, An-26,
Mig-21, F-15, Tornado aircraft, and AH-64 helicopter) are considered as
the independent types. The case of a passive decoy with imitated rotational
modulation was not considered yet. The results of simulation can be apprecia-
bly improved by uniting the target types, being close to one another, into
the classes.

Target Class Recognition Using the Individualized Standard RMSs and cpdf of
RMSs. We can introduce three classes of targets: the class of turbo-jet targets
(Tu-16, B-52, B-1B, F-15, Tornado, and Mig-21), the class of turbo-prop
and propeller targets (An-26 and AH-64), and the WE class. The probabilities
of error in recognition are additionally decreased (Figure 4.10) at the expense
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Figure 4.10 Simulated probabilities of errors in the recognition of three target classes
versus potential SNR for a single (N = 1) target illumination by a narrowband
signal (l = 5 cm) consisting of 64 pulses with 1-kHz PRF. Other parameters
are the same as in Figure 4.9.

of decreasing the recognition information measure, as will be shown below.
Let us note here that these results must be considered critically, because
there are dropouts in rotational modulation caused by the aspect change
(Section 3.3). Hence, the target observed with such a dropout can be misrec-
ognized as having no engine, and classes introduced here do not correspond
to those introduced above.

4.1.10 Evaluation of Information Measures for Various Recognition
Signatures and Their Combinations

Evaluation of information measures is desirable for comparing various signa-
tures and alphabets of recognized objects (classes or types of targets). The
method of such evaluation was considered already in Section 1.6. It allows
the introduction of the concept of an alphabet of recognized objects to be
optimal from an informational viewpoint. Indeed, to increase the conditional
probabilities of the target recognition, one can combine them into classes.
But this combining decreases the number of alternatives and the quantity
of information. Therefore, such a decomposition on classes can be found
that provides the maximum information quantity. The alphabets of recog-
nized objects corresponding to such decomposition can be named the optimal
from informational viewpoint. The alphabet, being optimal from informational
viewpoint, need not be, but can sometimes be, the optimal from the viewpoint
of a set of quality criteria. Our task is only to show the principal possibility
of discussing such problems on the basis of backscattering simulation. We
will limit ourselves in this discussion by the cases of single target illumination.
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Figure 4.11 shows simulated information measures for the RP signature
versus potential SNR:

• In recognition of 11 target types according to Figure 4.6;
• In recognition of four target classes according to Figure 4.8.

It is seen that the information measure is better for the type recognition
(Figure 4.6). We noted above that when using three specialized standard
RPs on a type and SNR of 23 dB, the probability of error diminishes from
0.21 in the case of type recognition to 0.095 in the case of class recognition.
The information measure, then, decreases correspondingly from 2.2 to
1.45 bits. Therefore, from the informational viewpoint the alphabet of 11
target types is preferable to that of four target classes. One can note this
and decide between the two alternatives.

But the type recognition is not always optimal even from the informa-
tional viewpoint. For example, the recognition of 11 target types by the

Figure 4.11 Simulated information measures of RP signature versus potential SNR in
recognition of (a) 11 target types according to Figure 4.6, and (b) 4 target
classes according to Figure 4.8.
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RMS provides a probability of error of about 0.45 and an information
measure of about 1.7 bits for the SNR of 23 dB and use of the cpdf algorithm.
Creation of the WE class reduces the probability of error to about 0.32 and
slightly increases the information measure to about 1.8 bits. If all the targets
are included in four classes (turbo-jet, turbo-prop, propeller, and WE), then
the probability of error is decreased further to about 0.2, and the information
measure is reduced sharply to about 0.9 bits. Therefore, for the considered
aspect sector of 20° to 40° the alphabet of nine recognized targets (Figure
4.9) is optimal from the informational viewpoint.

Another example of an alphabet optimal from the informational view-
point can be given for recognition using only the trajectory signatures, the
V-H ones. It includes six target classes. The first class includes medium-
speed aircraft of Tu-16 and B-52 types and a medium-speed passive decoy;
the second class includes the high-speed aircraft of B-1B, Mig-21, and
Tornado types; the third class includes missiles of ALCM and GLCM types.
F-15 and An-26 aircraft and the AH-64 helicopter are recognized as indepen-
dent types. For such decomposition the information measure of recognition
by the V-H signature constitutes 0.52 bits.

Comparing the optimal alphabets by their information measures for
single target illumination, we can see them to be unequal for various signa-
tures. Under adopted conditions we found that the information measure
constituted 2.2 bits for the RP signature, 1.8 bits for the RMS signature,
and 0.52 bits for the trajectory signature with the notes made above.

We did not mention here numerous cases, where on the one hand
several signatures were used together, and on the other hand the contribution
of some information measures decreased under some conditions. The aim
of this material is to develop the informational approach to recognition that
can be used in solving practical tasks.

4.2 Nonparametric Recognition Algorithms
Nonparametric algorithms were developed heuristically for unknown statisti-
cal distributions of recognition signatures. They include the algorithms of
distance evaluation (Section 4.2.1), as well as voting algorithms (Section
4.2.2). After the review of these algorithms, examples of their simulation
are presented (Section 4.2.3).

4.2.1 Recognition Algorithms of Distance Evaluation

The distance evaluation recognition algorithms include the algorithms of
minimum distance, and of nearest neighbor and nearest neighbors.
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Algorithms of Minimum Distance. They are developed for signature spaces
a = ||a n ||, n = 1, 2, . . . N with some distance (dissimilarity) measure dk .
This measure can be defined as an interval between the point â y , correspond-
ing to the estimate of parameter a received from the current signal-plus-
noise realization y, and the point a k , corresponding to the mean value or
directly to one of the training values of parameter a for the actual presence
of the k th object (k = 1, 2, . . . , M ).

It is supposed that all the necessary values a k have been stored in a
computer memory at the training stage. Two equivalent forms of the mini-
mum distance algorithms are usually used

i = k̂opt = arg min
k

dk (4.20)

i = k̂opt = arg min
k

d 2
k (4.21)

There are basic variants of squared distance measures [2]:

• For uncorrelated signatures with equal variances

d 2
k = | â y − a k |

2
= (â y − a k )T(â y − a k ) = ∑

N

n=1
(â yn − a kn )2

(4.22)

• For correlated signatures with arbitrary variances

d 2
k = (â y − a k )TF−1(â y − a k ) (4.23)

where F is the correlation matrix of signatures.

Diagonalization F = ULU−1 of this matrix is frequently used, where
L is the diagonal matrix of eigenvalues and U is the unitary matrix. The
use of orthogonal generalized signatures j = L−1/2U−1a is also possible. For
this case (4.23) becomes the variant of (4.22):

d 2
k = (ĵ y − j k )T(ĵ y − j k ) (4.24)

The overall number of signatures can be reduced in this case simply
by rejecting the part that has small eigenvalues [3].
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Algorithms of Nearest Neighbors [4]. They envisage the possibility of intro-
ducing into a computer memory the training estimates g = 1, 2, . . . , Tk
of a vector parameter â g |k , which are used here as the signatures of training
statistics assigned for recognition of various target classes or types k . After
evaluating the estimate â y from the current ‘‘signal-plus-noise’’ realization
y, the L nearest to its neighbors â g |k are found, which belong, generally
speaking, to objects of various classes (types). The observed object is recog-
nized as belonging to the same i th class (type) as that to which most of its
L nearest neighbors a g |k belong. The degree of nearness can be evaluated
using one of the distance measures (4.22) through (4.24). If the number
L = 1, then the algorithm of the nearest neighbors is reduced to the algorithm
of the nearest neighbor.

4.2.2 Recognition Voting Algorithms

Recognition voting algorithms include the algorithms of weighted voting,
of simple voting, and of multiple voting.

The Algorithm of Weighted Voting [10]. It combines the preliminary decisions
i n received on the basis of different signatures n = 1, 2, . . . , N, taking into
account the degree of their reliability. The structure of the weighted voting
algorithm

i = k̂ = arg max
k
F∑

N

n=1
Pk (in ) + ln PkG (4.25)

is analogous to the additive Bayesian algorithm (4.12), but it is comparably
simpler. Discrete distributions Pk (i n ) accounting for reliability of preliminary
decision numbers i n are used here instead of continuous distributions pk (â n )
of parameter estimates â n included in expression (4.12). Exclusion of values
r k from (4.25) corresponds to the simple cost matrix used in Sections 1.6.1
and 4.1.1. The matrices P(n ) = ||Pk (in ) || = ||Pki (n) || of K × K dimension
[where K is the number of the target classes (types)] are supposed to be
known from an experiment or simulation for all the signatures n and stored
in a computer memory. After each preliminary decision i n has been obtained
using the n th signature, the i th column of the corresponding n th matrix
P(n ) is extracted from the computer memory so as to compare the expressions
in square brackets of (4.25) for various hypotheses k .

The Simple Voting Algorithm [10]. It combines the decisions made on the
basis of different signatures without detailed consideration of their reliability.
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Such simplification is justifiable only for approximately equiprobable errors
of the decisions inherent to the combined signatures [compare with the case
of the simplest distance measure (4.22)]. In this case the identity matrices
I(n ) = ||d ki (n ) ||, where d ki (n ) = 1 for i = k and d ki (n ) = 0 for i ≠ k ,
replace in (4.24) the matrices P(n ) = || lnPk (in ) || = ||Pki (n) || of general type.
The possible inequality of a priori values ln Pk for various hypotheses k are
also neglected, so that

i = k̂ = arg max
k

∑
N

n=1
d ki (n ) (4.26)

The Multiple Voting Algorithm [11]. A large data set is decomposed onto
smaller subsets. If these subsets are too large, they can be decomposed onto
still smaller subsets. The simple voting within each data subset, or primary
voting, is provided at the initial stage of decision-making. The next stage,
secondary voting, uses the results of the primary voting, and, if necessary,
tertiary voting is also carried out.

4.2.3 Simulation of Nonparametric Recognition Algorithms

Simulation of Algorithms of Voting, Minimum Distance with the Simplest Distance
Measure, and Additive Bayesian [9]. As in Section 4.1.7, radar recognition
of four targets’ classes [(1) large-sized aircraft, (2) medium-sized aircraft, (3)
missile, and (4) passive decoy missile] was considered. The set of signatures
SS1 (Section 4.1.7) included the maximum of correlation sums of the single
(N = 1) input RP calculated for G = 3 simplest standard profiles on each
class, and wideband RCS. The standard RPs were obtained by a chirp signal
of 80-MHz bandwidth in the high-frequency part of S-band for the aspect
sector of 20° on the basis of several tens T > G of simulated profiles (Section
2.2). Together with fluctuations of simulated RCS, an a priori error of its
measurement (due to instabilities of transmitter power and receiver sensibil-
ity) was taken into account with a variance of 3 dB. The factor of imprecisely
known range of a target was considered here also. Four algorithms of recogni-
tion by a set of signatures were simulated: (1) additive Bayesian algorithm
(4.12) with correlation processing, (2) weighted voting algorithm (4.25), (3)
algorithm of minimum distance with the simplest distance measure (4.20)
and (4.21), and (4) simple voting algorithm (4.26). Figure 4.12 shows the
simulated probabilities of errors in target class recognition, with equiprobable
appearance of objects, versus potential SNR in dB for these recognition
algorithms under the condition of a single (N = 1) target illumination.
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Figure 4.12 Simulated probabilities of errors in the target class recognition versus poten-
tial SNR for the data consolidation algorithms: (1) additive Bayesian algorithm,
(2) weighted voting, (3) minimum distance with the simplest distance measure,
and (4) simple voting. The single (N = 1) target illumination by an 80-MHz
chirp signal, correlation processing with G = 3 simplest standard RPs on a
class, and the use of wideband RCS as a signature are simulated [9].

Despite the simplification, the algorithm of weighted voting (4.25)
shows a performance near to that of the additive Bayesian algorithm (4.12)
with correlation processing (4.18). The performance of the algorithm of
minimum distance with the simplest distance measure (4.21) and (4.22)
and of the simple voting algorithm (4.26) were worse. The latter is due to
the equalized significance of the coarse RCS information and of the more
precise one related to the extent and shape of RPs used in the algorithms
(4.21) and (4.22), and (4.26).

Comparative Simulation of the Nearest Neighbor Algorithm and Some Other
Algorithms [12]. By means of scaled electrodynamic simulation, a great set
of backscattering experiments was carried out to realize the recognition of
five models of aerial targets using coherent and noncoherent four-frequency
target illumination. The nearest neighbor algorithm, an algorithm identical
to the Bayesian cpdf one, and a neural recognition (see Section 4.4) algorithm
were used. All these algorithms provided close recognition quality for the
identical (coherent, noncoherent) signals. The nearest neighbor algorithm was
not behind other algorithms. We must notice only that the real instabilities of
amplitude information due to unaccounted-for instabilities of propagation
conditions and hardware instabilities are not usually considered when using
the nearest neighbor algorithm.
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Use of the Simple Voting Algorithms in the Closing Stage of RP Processing
[13]. A data set of 11,968 normalized RPs belonging to aerial targets of 24
types was obtained from a real 300-MHz bandwidth radar in S-band for
nine aspect sectors of 20°. The set obtained for each sector was then divided
into groups of bursts consisting of 12 bursts with a scan period of 2 seconds.
Each burst consisted of eight RPs. Bursts were numbered within each group,
and the odd bursts were then related to the training set, and the even bursts
to the test set. Each ‘‘training’’ part of the group was used to form one
standard RP and to build one corresponding matched filter (4.17), the total
number of such filters amounting to 119 (including 33 filters for nose-on
aspects). Each RP from the test part of the group was addressed to all the
matched filters corresponding to the known aspect sector. In this initial stage
(i.e., the stage of the correlation processing) about 1600 test RPs of nose-
on aspect sector, representing 13 distinct aircraft types, were recognized,
each with averaged error probability of 0.21.

In the closing stage of processing, two variants of processing were
tested. Voting within only the burst decreased the error probability to 0.16
for nose-on aspects. Voting within the test part of the group (about 50 RPs)
decreased the probability of errors to zero not only for the nose-on aspects
(0° to 20°), but also for the aspects of 20° to 40°, 40° to 60°, 60° to 80°,
80° to 100°, and 140° to 160°. At several aspects the probability of errors
remained appreciable and constituted 0.2 at the aspects of 100° to 120°,
and 120° to 140°, and 0.05 at the aspects of 160° to 180°.

The work [13] published by Hudson and Psaltis was the first experimen-
tal work demonstrating the possibilities of recognizing not only classes but
types of targets using RPs. However, the simple voting algorithm used in
the closing stage of the RP processing does not belong to the optimal
algorithms. Certainly, simple voting does not affect the recognition quality
so much, as in Figure 4.12, because of equiprobable errors of partial decisions.
But the number N of such decisions used is too great in this case to increase
the quality of recognition. The results of simulation (Figure 4.6) suggest to
us that the number of standards 33/(24 to 13) = 1 to 2 is apparently too
small in this case. Some interval introduced between the RPs to provide
their independence could be also justified.

4.3 Recognition Algorithms Based on the Precursory Data
Transform

Definite attention was recently paid to the initial data transform precursory
to its storage, transmitting, processing [14], and recognition, for instance
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[15]. A special issue of the IEEE Proceedings [14] was devoted to the use of the
wavelet transform. The wavelet transform has been included into application
program packages such as ‘‘Mathcad.’’ Certain information about wavelets,
therefore, is included in this book also (Section 4.3.1). The discrete wavelet
transform and its use in recognition are considered in Section 4.3.2. Simula-
tion examples of recognition algorithms with the wavelet transform are
presented in Section 4.3.3.

4.3.1 Wavelet Transform and Wavelets

The wavelet transform is a kind of generalized Fourier transform. Decomposi-
tions of an arbitrary function onto orthogonal harmonics and onto the
orthogonal sinc-functions are special cases of such transforms, ensuring either
high frequency (poor time) or high time (poor frequency) resolution. The
wavelet transform is designed to provide comparatively good common time-
frequency resolution [14, 16].

Wavelet functions (wavelets) used in the wavelet transform are chosen
as

c k ,q (t ) = 2k /2c [2kt − q ] (k = 0, 1, . . . K − 1; q = 0, 1, . . . 2K−1 − 1)
(4.27)

where a function c (t ) is known as a ‘‘mother’’ wavelet. The parameter k
introduces time scale compression of the mother wavelet by 20, 21, . . . , 2K−1

times. The parameter q introduces time shifts of the compressed wavelets. The
multiplier 2k /2 normalizes the square of wavelet c k ,q (t ) to unity in the given
interval of the argument t if the square of the mother wavelet was already
so normalized in this interval.

Ingrid Daubechies wavelets are a kind of wavelet-function cm (t )(m =
2k−1 + q ), built according to (4.27) beginning from m = 2. They are strictly
limited in the time domain and not strictly limited in the frequency domain.
Being orthonormal, they are useful in generalized Fourier transforms. Only
digital Daubechies wavelets were introduced into the ‘‘Mathcad’’ program
package. The Daubechies wavelets in Figure 4.13 for m = 0 (solid line) and
m = 1 (dashed line) are not described by (4.27) unlike such wavelets for
m ≥ 2. Wavelets for m = 17, m = 18, and m = 20 (q = 0, q = 1, and q = 4
for k = 4) produced on the basis of a ‘‘mother’’ wavelet m = 2 are presented
in Figure 4.14. For an arbitrary value of K, the digital Daubechies wavelets
form the orthogonal matrix c of 2K × 2K dimension.
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Figure 4.13 Daubechies wavelets for m = 0 (solid line) and m = 1 (dashed line).

Figure 4.14 Daubechies wavelets for m = 17, m = 18, and m = 20.

4.3.2 Discrete Wavelet Transform and Its Use in Recognition

The direct wavelet transform of the M = 2K–dimensional vector y =
|| y0 y1 yM−1 ||T is of the matrix form

g = || g0 g1 . . . gM−1 ||
T

= cy (4.28)

analogous to that of the discrete Fourier transform. Operation (4.28) can
be fulfilled in ‘‘Mathcad’’ by its wave (y) function.

The inverse discrete wavelet transform of the M = 2K–dimensional
vector

g = || g0, g1, . . . gM−1 ||
T

is of the matrix form, analogous to that of the discrete inverse Fourier
transform,
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y = c −1g = cTg (4.29)

The property of orthogonality of the matrix

c −1 = cT (4.30)

was used in (4.29). Operation (4.29) can be fulfilled in ‘‘Mathcad’’ by use
of its iwave (g) function.

It is interesting that vector-functions iwave ( ||1 0 . . . 0 ||T),
iwave ( ||0 1 0 . . . 0 ||T), and iwave ( ||0 0 . . . 0 1 ||T) define
the first, second, . . . , and the last sampled wavelet.

Correlation Sums on the Wavelets’ Basis. The correlation sum of (4.15) type
used in recognition can be transformed by use of the presented expressions
(4.28) through (4.30):

Z S = YTX = YTc −1cX = (cY)T(cX) = gT
y gx (4.31)

The latter means that the correlation sum can be calculated after the
transformation into wavelet domain [16].

4.3.3 Simulation of Wavelet Transforms and Evaluation of Their
Applicability in Recognition

Simulation of the RPs’ Wavelet Transforms. Figure 4.15(a) shows simulated
RPs, and Figure 4.15(b) shows corresponding wavelet-RPs (WRPs) of the
Tu-16 and Mig-21 aircraft and ALCM missile for chirp illumination of
80-MHz bandwidth. Transformation of vectors y corresponding to the RPs
into vectors g corresponding to the wavelet-RPs is provided according to
(4.28) and practically realized by use of the wave (y) function of the ‘‘Math-
cad’’ program.

In Table 4.2 the simulated maximum correlation factors r m ,n of WRPs
m , n = 1, 2, 3 [Figure 4.15(a)] are shown for a (1) large-sized target, (2)
medium-sized target, and (3) small-sized target. Analogous data for the RPs
are presented in Table 4.3. Maximum in both tables is understood with
regard to (4.17). It can be seen that both kinds of calculating the correlation
sums give the same results according to (4.31).

It can also be seen from Tables 4.2 and 4.3 that differences in the
correlation factor of different targets are not large. It clarifies the necessity
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Figure 4.15 Simulated (a) RPs and (b) WRPs of the Tu-16 and Mig-21 aircraft and a ALCM
missile for 80-MHz bandwidth chirp illumination.

Table 4.2
Correlation Coefficients for WRPs

m 1 2 3
n

1 1 0.485 0.495
2 0.485 1 0.735
3 0.495 0.735 1
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Table 4.3
Correlation Coefficients for RPs

m 1 2 3
n

1 1 0.485 0.495
2 0.485 1 0.735
3 0.495 0.735 1

to use noticeably greater SNR in recognition than in detection, as it was
calculated above in Sections 4.1 and 4.2.

In Figure 4.16 the WRPs of Tu-16 aircraft are shown for close but
different ranges. It can be seen that the WRP structure changes with the
shift of RP’s position within the range gate, thus complicating the WRP’s
centering.

About the Applicability of Wavelet Transform in Recognition. This transform
does not degrade the information; therefore, it can be used in recognition.
Under our limited simulation, however, we found no advantages in using
the wavelet transform for RP processing.

4.4 Neural Recognition Algorithms

Neural recognition algorithms have broad enough possibilities and attract
serious attention due to the simplicity of initial data presentation. We review

Figure 4.16 Simulated WRPs of the Tu-16 aircraft for close but different ranges.
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the structures and optimization criterion for artificial neural networks (ANNs)
in Section 4.4.1. The gradient algorithms for ANNs training are given in
Section 4.4.2. In Sections 4.4.3 through 4.4.5 we present the results of the
gradient algorithms operation, including the specifics of target class and type
recognition. The evolutionary (genetic) algorithms for ANNs training, which
have recently appeared, are reviewed in Section 4.4.6.

4.4.1 Structures and Optimization Criterion for ANNs

ANNs belong to the class of systems with a given structure and conditional
optimization. This means that optimization is provided in correspondence
to the chosen structure. Structures of ANNs are accepted on the analogy
with biological neural nets, consisting of great sets of neurons with massive
cross-connections. The ANN can have nonmodularized (ANN NM) and
modularized (ANN M) substructures [17–24].

An artificial neuron (AN), as a node of ANN graph, performs nonlinear
and linear operations

z = f (w + b ), w = ∑
s

a s y s (4.32)

Here, y s , is the signal at its s th input, a s is the connection weight of s th
input, and b is the bias of this AN. Nonlinear operations are usually provided
by one of the so-called sigmoid functions:

f1(w ) =
ew − e −w

ew + e −w , or f2(w ) =
1

1 + e −w

These functions vary from −1 to 1 (the first) and from 0 to 1 (the
second), when their argument w is changed from −∞ to ∞. These functions are
sometimes called activation functions and they operate as smooth thresholds.
Thus, the output of each AN is activated gradually when the weighted sum
of input signals w rises above this smooth threshold b . For large absolute
values of w, these functions correspond to a hard limitation; for the smaller
absolute values of w, the limitation is mild (smooth).

A feedforward artificial neural network, nonmodularized (FANN NM)
consists of several layers of identical neurons, so that input data only flow
forward from layer to layer. The widely used structure of ANN NM (Figure
4.17) consists of three neuron layers, two of which are the processing layers.
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Figure 4.17 Structure of three-layer artificial neural network.

Representation of structure (Figure 4.17) by a single layer is also possible
(Figure 4.18). As the study has shown [19], the structure of three layers is
capable of solving various problems with a quality no worse than that of
structures containing a larger number of layers.

Let us consider in more detail the three-layer ANN. The first layer of
Figure 4.17 just transfers the input data onto the next layers without pro-
cessing. Number M of elements in the first layer corresponds to the number
of the scalar signatures used for recognition. Two other layers, the N -element
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Figure 4.18 Representation of three-layer artificial neural network by a single layer.
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and n -element ones, process and transfer the incoming data y1, y2, . . . ,
yM according to (4.32). So,

z i = y i , (1 ≤ i ≤ M ) (4.33)

z j = f (wj + b j ), wj = ∑
M

i=1
a ji z i , (1 ≤ j ≤ N ) (4.34)

z l = f (wl + b l ), wl = ∑
N

j=1
a lj z j , (1 ≤ l ≤ n ) (4.35)

The number of output elements n is equal to the number of required
recognition decisions. Adjustment of the connection weights is carried out
so that the output value z l̂ (1 ≤ l̂ ≤ n ), determining the desirable decision
l̂ , approaches the level of about 0.9, and the other values z l approaches the
level of about 0.1. These levels are usually chosen instead of unity and zero
levels so as to avoid very small derivatives of the sigmoid functions. The
number N of intermediate (hidden) layer elements is usually appreciably
greater than the sum M + n .

The FANN NM optimization criterion consists of minimization of
the quadratic function of mean cost, with the multiplier of 1/2 introduced
to simplify the subsequent relations:

r (a ) = ∑
P

p=1
∑
n

l=1
(zpl − z l |p )2/2 (4.36)

The cost function (4.36) evaluates the degree to which the actual
outputs zpl of FANN fit the desirable ones z l |p (1 ≤ l ≤ n ) over the training
set of signatures y p1, y p2, . . . , y pi , . . . , y pM (1 ≤ i ≤ M ) which form the
M -element vectors of signatures yp (1 ≤ p ≤ P ). The training set must
include various combinations of signatures for all the objects to be recognized
by the FANN. The desirable outputs z l |p are the preset values to be achieved
after presentation of each p th training realization for the object of a known
type. This minimization has to achieve an optimal value of the parameter’s
vector a , containing all the connection weights a ji and biases b j of the
hidden layer (4.34), and those a lj and b l of the output layer (4.35).

Modularity in neural computing indicates a possible specialization of
the ANN’s parts (modules), according to their functional destination, and
is a subject of modern investigations. The modular approach is reasoned by
analogies with the cerebral cortex structure of vertebrates [20]. Modularity
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corresponds also to the structure of the Bayesian algorithm (4.6) through
(4.12). But excessive modularity leads to sophisticated processing.

Simulation of recognition can show an advisability and rational degree
of modularity in each given case.

4.4.2 Gradient Algorithms for Training the FANN

The connection weight training of the FANN consists of parameter optimiza-
tion in the course of presentation of lots of the objects’ instances. Simple
gradient, pair gradient [17], evolutionary (genetic) algorithms [23] (Section
4.5.3), and some others [17] are used to train various FANN.

Simple Gradient Algorithm (SGA) for FANN NM Training. Components of the
parameter vector a k = ||a k1 a k2 . . . a ks . . . b ks . . . ||T at the
initial iteration k = 0 can be chosen arbitrarily. Here, s is a current number
of parameter without regard to the layer in which it is placed. Then the
parameter vector a k , k = 0, 1, 2, . . . obtains successive increments

Dka k = a k+1 − a k = −g dr (a k )/da , (k = 0, 1, 2, . . . ) (4.37)

where dr (a )/da is the gradient of function r (a ), and g is a coefficient,
small usually, that is selected in the training process.

The iteration process can be reconciled with the presentation of
instances of various class objects p = 1, 2, . . . , P . Then increments of the
parameter vector for each object’s instance can be evaluated analogously

Dpa p = −g drp (a p )/da , (p = 0, 1, 2, . . . , P ) (4.38)

where

a p = ||a p1 a p2 . . . a ps . . . b ps . . . ||T,

and

r p (a ) = ∑
n

l=1
(zpl − z l |p )2/2 (4.39)

Increments of each component a ps and b ps of the parameter vector a
can also be found from (4.38) as follows:
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Dpa ps = −g dr (a p )/da ps , Dpb ps = −g dr (a p )/db ps (4.40)

Presenting the object instances from the training set p = 0, 1, 2, . . . ,
P , reiterating their presentation and using (4.39) to adjust the connection
weights and biases, one can recursively evaluate the proper values of the
parameter vector a .

Evaluation of SGA Parameters in FANN NM Training. Using (4.35), (4.39),
(4.40) and differentiation rules, one can find increments of the output layer
parameters (1 ≤ l ≤ n ):

Dpa lj = −g
∂r p

∂z l

∂z l
∂wl

∂wl
∂a lj

= gd pl z j , Dpb l = −g
∂r p

∂z l

∂z l
∂b l

= gd pl

(4.41)

where

d pl = f ′(wl + b l )(z l |p − zpl ) (4.42)

Using (4.34), (4.35), (4.39), (4.40), (4.42), and the differentiation
rules, one can find increments of the hidden layer parameters (1 ≤ j ≤ N ):

Dpa ji = −g ∑
n

l=1

∂r p

∂z l

∂z l
∂wl

∂wl
∂z j

∂z j

∂wj

∂wj

∂a ji
= gdpj y pi (4.43)

Dpb ji = −g ∑
n

l=1

∂r p

∂z l

∂z l
∂wl

∂wl
∂z j

∂z j

∂b j
= gdpj (4.44)

where

dpj = f ′(wj + b j )∑
n

l=1
d pla lj (4.45)

The derivative of function z = f (w ) = (1 + e −w )−1 can be used in the
form f ′(w ) = z (1 − z ).

The Pair Gradient Algorithm (PGA) for FANN NM Training. This is designed
to develop the simple gradient algorithm (4.38) by accounting for two
successive gradients with various weights g and h , so that
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Dpa p = −g drp (a p )/da − h drp−1 (a p−1)/da , (p = 0, 1, 2, . . . , P )
(4.46)

Increments (4.41) for the parameters of output layer then become

Dpa lj = gd pl z pj + hd (p−1)l z (p−1)j , Dpb j = gd pl + hd (p−1)l
(4.47)

and equations (4.43), (4.44) for the parameters of intermediate layer become

Dpa ji = gdpj y pi + hd (p−1)j y (p−1)i , Dpb j = gdpj + hd (p−1)j
(4.48)

where d pl and dpj are defined by (4.42) and (4.45).

4.4.3 Simulation of Target Class Recognition Using Neural Algorithm
with Gradient Training

Conditions of Simulation. In most cases of simulation the recognized classes
were the large-sized (Tu-16, B-52, B-1B) and medium-sized (Mig-21, F-15,
Tornado) aircraft and cruise missiles (ALCM, GLCM). In the last case of
simulation, we considered passive decoy as a fourth class. With the purpose to
investigate the ANN’s potential to provide robust recognition, the following
factors were accounted for in simulation [21]:

• Uncertainty in potential signal-to-noise ratio (SNR);
• Starting (sector 0°–10°) and increased (sector 0°–50°) aspect uncer-

tainty;
• Range uncertainty (of several range resolution intervals).

We mainly used the RP as the signature. To recognize four target
classes including passive decoy, we used the combination of the RP with
wideband RCS. The passive decoy was assumed to have a radial dimension
close to that of a missile, so that its normalized RPs did not differ from
those of the missiles (more than one reflector can be installed on the decoy).
Information about the RCS was introduced into the RP by its corresponding
scaling.

The RPs were simulated counting on the chirp signal with a bandwidth
of about 80 MHz. These RPs were observed in a range gate some wider
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than 64m with the samples taken 1m apart (the samples were two times
more frequent than those corresponding to the boundary values of the
sampling theorem). The number of input nodes of the ANN was M = 64.
To account for range uncertainty, the centering was provided. The median
sample Ymed of each RP was found for this purpose and aligned with the
center of the input layer limited by M nodes. The number of output nodes
n was equal to the number of the target classes K = 3 or K = 4. The number
of hidden nodes varied within limits of 80 to 200 in accordance with the
factors accounted for (listed above). Probabilities of error in recognition of
target classes are estimated below counting on a single target illumination.

Class Recognition by Means of RPs (the Case of Range, SNR, and Aspect
Uncertainty). As it was noted above, the range uncertainty here and below
was accounted for by RP centering. The aspect uncertainty was accounted
for by selecting the training RPs from the 0° to 10° aspect sector. To account
for the SNR uncertainty, an automatic gain control (AGC) was simulated
providing constant false alarm rate (CFAR) with the noise variation set to
unity. The training was carried out in the presence of noise for several SNRs
of 20, 22, and 24 dB using the sets of 60 RPs for each of K = 3 classes.
The number of hidden layer nodes was 80.

The recognition performance for each of the three classes was tested
using the sets of 1600 RPs on a class as the SNR changed from 18 to 30
dB. Probability of error in class recognition P er for this complex case was
0.06.

Class Recognition by Means of RPs (the Case of Range and Increased Aspect
Uncertainty). A single ANN for aspect sector of 0° to 50° was used instead
of five ones of 10°. The number of the target 10° aspect sector was in this
case estimated and applied to one of ANN’s inputs together with its RP,
both at training and testing stages. Training was carried out for K = 3 classes
with SNR of 20 dB. The number of hidden layer nodes was 120. The ANN
structure for this case is shown in Figure 4.19.

The recognition performance was tested using the sets of 300 RPs for
each of aircraft classes and of 200 RPs for missile class in each of five
10° aspect sectors. Probability of error in class recognition P er for this
complex case was 0.08.

Class Recognition by Means of RPs (the Case of Range, SNR, and Increased
Aspect Uncertainty). The possibility of simultaneous accounting for the SNR
(in the interval of 18 to 30 dB) and increased aspect uncertainty (in the
sector of 0° to 40°) was also investigated for the case of K = 3 target class
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Figure 4.19 Variant of ANN structure for target recognition in the case of increased
aspect uncertainty.

recognition. Training was carried out for three fixed SNRs of 20, 22, and
24 dB in four aspect sectors; the numbers were applied to one of ANN’s
inputs (as in Figure 4.19). The training set was then enlarged to 2160 RPs;
the number of hidden nodes was also increased to 180 relative to the previous
example.

The recognition performance was tested for aspect sector of 0° to 40°
using 16,000 RPs and designating the SNRs from interval of 18 to 30 dB.
Probability of error in class recognition in this most complex case increased
in comparison with the previous case and became equal to 0.09.

Class Recognition by Means of RPs and Wideband RCSs (the Case of Range,
SNR, and Aspect Uncertainty). For recognition of K = 4 classes, the RCS
information was assumed to be simulated with artificially introduced instabili-
ties of 3 dB. Training of the ANN was carried out in aspect sector of 0°–10°
for the SNRs of 18, 21, 24, and 27 dB. The overall number of training
RPs of four classes was 960. The numbers of hidden and output nodes were
200 and 4, respectively.
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The recognition performance was tested using 5000 RPs. Probability
of error in class recognition using a single RP was 0.04 for the SNRs of 18
to 30 dB. Despite recognition of an additional class, the probability of error
is lower than in the previous case. We suppose that this is due to the use
of additional information and the decrease of aspect uncertainty.

4.4.4 Simulation of Target Type Recognition Using Neural Algorithm
with Gradient Training

Conditions of Simulation. The recognized targets were the Tu-16-, B-52-,
B-1B-, Mig-21-, F-15-, Tornado-, and An-26-type aircrafts, ALCM- and
GLCM-type missiles, the AH-64 helicopter, and a passive decoy. The SNR
in simulation was assumed to be constant and equal to 25 dB. The aspect
sector of targets was 0° to 10° from the nose.

We used as signatures the normalized RPs, so the information about
RCS was not used. The RPs were obtained using a signal with bandwidth
of about 80 MHz. These RPs were observed in a range gate some wider
than 64m with samples taken 2m apart (samples corresponding to the
boundary values of the sampling theorem). The positions of RPs in the range
gate were assumed to be exactly known. This corresponds to high-quality
target tracking using a wideband signal. The number of input nodes of the
artificial neural network was M = 32. The number of output nodes n was
equal to the number of the target types K = 11. The number of hidden
nodes was 200. Probabilities of error in recognition of target types are
estimated below counting on a single target illumination. The number of
RPs for the ANN training was 990 (90 RPs for each target type). In the process
of training and testing, the target pitch angle was changed monotonically from
−2° to 2° and the target roll angle was changed from −3° to 3°.

Type Recognition by Means of RPs (the Case of Given SNR and Aspect Sec-
tor). Figure 4.20 shows the probability of error in recognition of K = 11
target types versus SNR in dB. It can be seen that this probability is close
to that obtained for the case of target type recognition using the Bayesian
algorithm with the cpdf of RPs.

Since the change of target pitch angle can reduce the recognition
quality, we studied its influence on the recognition quality. We found it to
be very small (as illustrated in Figure 4.21) where the probability of error
in the target type recognition versus target’s pitch angle is shown.

A very serious factor that can distort the recognition quality is sensitivity
of the ANN to the range shift of RPs within the range gate. This sensitivity
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Figure 4.20 Probability of error in neural recognition of 11 target types versus SNR in dB
for aspect sectors in heading of 0° to 10°, in pitch angle of −2° to 2°, and in
roll angle of −3° to 3°, and for exactly known range.

Figure 4.21 Probability of error in neural recognition of 11 target types versus target’s
pitch angle for SNR of 20 dB for the ANN trained as in the case of Figure
4.20.

for the ANN trained under the condition of unchanged positions of RPs
in the range gate is illustrated in Figure 4.22. Here, the error probability in
target type recognition versus the range shift of RPs is shown for the SNR
of 20 dB. It can be seen that even a small range shift significantly increases
the error probability in this case. Apparently, the influence of the range shift
can be reduced by the use of the ANN with a significantly increased number
of hidden nodes trained by RPs with different shifts within the range gate.

Problem of Type Recognition by Means of 2D Images. The 2D images and
their shadowing effects are changed depending on orientation of each target
in space. The problem consists, therefore, of too large a number of ANN
hidden nodes required for recognition. The study of this subject was first
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Figure 4.22 Probability of error in recognition of 11 target types versus range shift of RPs
for SNR of 20 dB for the ANN trained as for the case of Figure 4.20.

carried out by Farhat in [22], who recognized scaled models of the B-52
aircraft and the Space Shuttle in an anechoic chamber. Recognition was
carried out by means of an ANN under conditions of number M of RPs
constituting 10% of the whole training statistics necessary to obtain the 2D
image. Assuming this statistic to be equal, as usual, to T ≈ 64 to 128 RPs,
the latter can mean that the number of standard RPs for recognition was
about G ≈ 6 to 12. As one of the recognition variants, Farhat proposed to
consider ANN recognition using only a single RP (G = 1). As we saw above,
the use of a single RP (G = 1) allows us, in principle, to recognize at least
11 target types. We can expect, therefore, that coherent and noncoherent
processing of a small number G > 1 of RPs will be sufficient to realize robust
recognition.

4.4.5 Some Conclusions from Simulation of Neural Algorithms with
Gradient Training

The simulation examples considered in Sections 4.4.3 and 4.4.4 have shown
that neural recognition algorithms:

• Are robust to many distorting factors accounted for in the training.
We saw above that these factors can be various aspect, range, and
SNR ambiguities. The change of the aircraft structure can be another
factor accounted for in the training;

• Provide recognition of target classes and types with quality indices
close to those of optimal recognition algorithms;

• Do not require much time for the recognition;
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• Can be burdensome in the training phase if too many factors have
to be accounted for; consequently, new variants of training are of
interest.

4.4.6 Perspectives of Evolutionary (Genetic) Training

Evolutionary training (ET) can be used to optimize structures of FANN
NM [23, 24] and FANN M [20]. As it was for the gradient procedures,
the initial set of vector a k = ||a k1 a k2 . . . a ks . . . b ks . . . ||T,
k = 0 components, called ‘‘solution’’ or ‘‘gene,’’ can be chosen arbitrarily,
from previous experience or from other algorithms.

In a like manner, a set of such solutions a
(j )
0 , j = 1, 2, . . . , J large

enough, known as ‘‘population,’’ can also be introduced. The quality of each
solution is then estimated using the quadratic mean cost function (4.36).

A part DJw of the worst solutions, providing maximum values of the
mean cost function, is replaced by the new ones. For this purpose, a part
DJb of the best solutions, providing minimum values of the mean cost
function, is also arbitrarily selected to produce an ‘‘offspring,’’ which replaces
the worst solutions. After estimating the offspring quality, the described
process of selection is recursively repeated. To terminate the selection process,
some external criterion, such as the prescribed number of recursions or
suitable error level, is applied.

The procedure of producing the offspring is called ‘‘breeding.’’ Various
kinds of breeding can be used in ET. In two-parent breeding, the two
genes corresponding to ‘‘father’’ and ‘‘mother’’ can be arbitrarily chosen and
combined in a certain manner. One-parent breeding can also be used where
various parts of a single gene are arbitrarily combined. Three-parent breeding
is recommended in [24], even though it is not a biological norm.
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5
Peculiarity of Backscattering
Simulation and Recognition for
Low-Altitude Targets

Essential factors to be simulated in the case of low-altitude targets are the
surface reflections (1) of the transmitted signal and (2) of the signal backscat-
tered by the target. The first kind of reflection produces the ground clutter.
The second kind of reflection, together with the first and distortions in a
clutter rejection device, changes the amplitude of the received narrowband
signal and distorts the structure of the received wideband signal. Simulation
of ground clutter is discussed in Section 5.1. Simulation of signal distortions
caused by the ground reflections from a ground or sea surface is considered
in Section 5.2. The problem of the target wideband recognition under
conditions of signal distortions and clutter is stated and discussed in Section
5.3.

5.1 Ground Clutter Simulation

Creation of electrodynamic models of backscattering from the Earth’s surface
at centimeter and decimeter wavelengths is encumbered by its complexity
and the diversity of its types [1, 2]. Empirical models are therefore preferred.
We consider basic parameters of empirical simulation in Section 5.1.1.
Calculation of the complex amplitude of clutter necessary for simulation is
carried out in Section 5.1.2. In Sections 5.1.3 and 5.1.4 we consider clutter
simulation in more detail, using the digital terrain maps (DTM).
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5.1.1 Basic Parameters of Empirical Simulation

Basic parameters of the empirical simulation are the specific RCS (m2/m2)
and specific PSM (m2/m2) for the backscattering from the ground and from
objects on the ground, their statistical distributions, and the power spectra
of their fluctuations.

Empirical Description of Specific RCS. An example of such a description is
given in [3, 4] as a function of frequency in the range f = 3 to 100 GHz,
of grazing angle c ≤ 30°, and of the surface parameters A1, A2, A3 (Table
5.1):

s0( f , c ), dB = A1 + A2 lg
c
20

+ A3 lg
f

10
(5.1)

where c is given in degrees, and f in GHz.
Complementary to Table 5.1 it should be noted that the specific RCS

of a forest is increased by 5 dB after the summer rain. The specific RCS of most
surfaces is greater by 2 to 3 dB for vertical than for horizontal polarization. The
ratio of specific RCS values observed at matched (intended) and cross-
polarization is about 10 to 15 dB.

The data in Table 5.1 will be used in simulation for vertical polarization
directly and for horizontal and cross-polarizations with the noted correction.

Table 5.1
Parameters of Surfaces of Various Types

Surface Type/Surface Parameters A 1 A 2 A 3

(m2/m2) (m2/m2) (m2/m2)

Concrete −49 32 20
Plough-land −37 18 15
Snow −34 25 15
Leafy forest, summer −20 10 6
Leafy forest, winter −40 10 6
Pine forest, summer and winter −20 10 6
Meadow with the grass

of more than 0.5m height −21 10 6
Meadow with the grass

of less than 0.5m height −28 10 6
Town and country buildings −8.5 5 3
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Statistical Distribution of Specific RCS. The specific RCS of a ground surface
is a random function of three parameters: of two coordinates and of time.
The resultant statistical distribution is frequently described by the log-normal,
Weibull, K, and other non-Gaussian models. Such an approach to the
coordinate distributions does not allow accounting for the variety of Earth
surface relief and cover. Digital terrain maps will therefore be used allowing
us to determine the distinctive surface elements (see Section 5.1.2). As for
the time dependencies of the quadrature components of reflections from
local surface elements, they can be described by Gaussian stationary random
functions with a definite power spectrum of fluctuations.

Power Spectrum of Fluctuations and Its Use in Simulation. The power spectrum
of specific RCS fluctuations is formed by two terms corresponding to the
part of RCS that is stable in time (building, rock, surface without vegetation,
etc.) and to the part of RCS varying in time (surface with vegetation). This
can be approximated in the following form:

G (F ) ≈ G0Ha2d (F ) + kF1 + S F
DF D

nG−1J, k = HE
∞

0

F1 + S F
DF D

nG−1

dfJ−1

(5.2)

where G0 is the spectral density at zero frequency and a2 = C (V )−m is the
ratio of the stable part of specific RCS to the mean value of the varying one
depending on the mean wind velocity V near the surface and the characteris-
tics of the surface. Here, C ≈ 104 to 105, m = 0 for town and country
buildings, C ≈ 300, m ≈ 2.9 for a forest, C ≈ 60l2, m ≈ 3 for scrubby
vegetation, C ≈ 100l , m ≈ 3 for a surface free of woods in winter;
DF ≅ 0.04 ? V 1.3/l is the spectrum width at the 3-dB level; n = 2(V + 2)/
(V + 1) [3, 4].

The approximate expression (5.2) can be used in simulation. Let us
form a complex realization Ẏ (t ) of the random stationary process with power
spectrum [1 + (F /DF )n ]−1 with zero mean and unity variance from white
noise by analogy with Figure 1.10. Let’s add to it the stable part with mean
a and random initial phase w distributed uniformly over the surface resolution
cells. The simple approximation of the normalized process with the spectrum
(5.2) will be

Ẏa (t ) ≈ [Ẏ (t ) + a ? e jw ]/√1 + a2 (5.3)
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Specific Polarization Backscattering Matrix of Ground Surface. The specific
PSM Bl ,n ( f , c ) will be used below for calculating backscattering from
various ground surface elements l , n (l = 1, 2, . . . ; n = 1, 2, . . . ), at various
frequencies f , and grazing angles c = c l ,n observed with vertical (V) and
horizontal (H) polarizations:

Bl ,n ( f , c ) = ||√s
VV
l ,n ( f , c ) √s

VH
l ,n ( f , c )

√s
HV
l ,n ( f , c ) √s

HH
l ,n ( f , c ) || (5.4)

The data on specific PSM elements necessary for simulation can be
obtained from (5.1), Table 5.1, and notes related to them. Decomposition
of the surface into the l , n elements is clarified in Figure 5.1. The number
l corresponds to the sample of the horizon range rhl = ld r , where d r is the
interval of the range sampling that is equal usually to the interval of range
resolution. The number n corresponds to the sample of azimuth bn = ndb ,
where db is the interval of azimuth sampling. The value db in radians is
frequently chosen in the form db = VaT, where Va is the angular rate of
antenna beam rotation in radians/s, and T is the pulse repetition interval
in seconds. Let us agree to consider the horizon range rhl as a distance along
the horizon plane taking into account the Earth’s curvature and refraction
in the reference atmosphere (see also Section 5.1.2).

5.1.2 Calculation of the Clutter Complex Amplitude

The integrated polarization scattering matrix Dl (k ) is calculated for the l th
integrated range resolution element of the surface within the antenna pattern
F (b , e ). This pattern is oriented in direction b k = kdb and receives clutter
from the azimuthal coverage sector (k − M )db ≤ b ≤ (k + M )db (Figure
5.1). Then,

Dl (k ) = √dS l ∑
k+M

n=k−M
F 2[(n − k )db , e l ,n ]Bl ,n ( f , c l ,n )e −j2p fd tl ,n

(5.5)

Here,

dS l = d r l ? rhl db is the area of the l , n th element of the surface at the
horizon range rhl [the square root of dS l ,n appears through properties of
(5.4)];
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Figure 5.1 Decomposition of the surface within the coverage sector and range resolution
intervals into elements.

F (b , e ) = | Ḟ (b , e ) | is the transmission-reception pattern of the radar
antenna;

e l ,n is the elevation angle of the l , n th surface element

e l ,n = atan[( y a − y l ,n )/rhl ] (5.6)

where y a − y l ,n is the difference of heights between the radar antenna
and the l , n th element of surface; c l ,n is the grazing angle of the l ,
n th surface element

c l ,n = e l ,n + atan[∂y l ,n /∂rh] − rhl /R ef (5.7)
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R ef is the effective Earth radius accounting for the atmosphere refraction
of radio waves; and

d t l ,n = [2r l (1/cos (e l ,n ) − 1)]/c is the increment of delay time from
the l , n th surface element due to nonzero elevation angle e l ,n and
slant range r l .

The sum (5.5) includes only the terms corresponding to illuminated
areas of the Earth’s surface (i.e., the areas for which the inequality e l ,n >
e q ,n , q = 1, . . . , l − 1 is valid). Here, l and q are the numbers of surface
elements increasing with their horizon range rhq .

The final expression of the clutter complex amplitude is found similarly
to expression (1.20), given in Section 1.3.4. Its value in units of noise
standard deviation is

Ė (t , b k ) = (p0
rec)

*TH∑
N

l=1
Ẏal (t )Dl (k )e −j2p fD tl U̇ (t − Dt l )10−Q l /20√W /r2

l Jp0
tr

(5.8)

Here,

p0
rec and p0

tr are the polarization vectors of receiving and transmitting
antennas;

Ẏal (t ) = (Ẏ l (t ) + a ? e jw l )/√1 + a2 is a random complex multiplier
of the type (5.3) corresponding to the l th integrated surface element
(the possibility of the reflection depolarization here is not accounted
for);

Dt l = 2rhl /c is the delay of the echo from the l th integrated surface
element;

W is the radar potential (3.2) in m2 ensuring normalization of the
E (t , b k ) value in relation to the noise standard deviation; and

Ql is the factor for additional losses in dB due to propagation.

5.1.3 Use of Digital Terrain Maps in Simulation

In this section we shall consider (1) general knowledge of DTM, (2) DTM
information used in ground clutter simulation, (3) stages of ground clutter
simulation, (4) microrelief simulation, (5) the influence of the Earth’s surface
curvature and of atmosphere refraction, and (6) examples of ground clutter
simulation.
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5.1.3.1 General Knowledge of DTM
DTMs are widely used [5, 6]. These contain information about the terrain
space distribution and replace the non-Gaussian statistical models (log-
normal, Weibull, and K types) widely used earlier. Up-to-date DTMs corre-
spond to databases that include information on terrain relief, objects giving
an increase of relative height, roads, hydrographic objects, and types of
surface covering. The accuracy of cartographic information increases system-
atically by means of geo-informational space systems, for instance. But as
yet the accuracy of commercial DTMs does not exceed 5% to 10% of the
map scale unit, being limited by coverage of large regions and restricted
computational capabilities.

5.1.3.2 DTM Information Used in Ground Clutter Simulation
Such information consists of:

• Absolute heights of the terrain macrorelief given in matrix form
with steps of 50 to 100m and with indication of a surface type;

• Relative heights of forests, buildings, etc.;
• Additional data about various manmade and natural point objects

(masts, towers, summits of mountains and hills), hydrographic
objects (rivers, lakes, marshes, seas), and features of transport systems
(including bridges).

Seasonal information (summer, winter, presence of snow) and current
weather conditions are provided as well.

Unfortunately the variety of DTM formats does not allow for providing
a general formula for extracting the necessary information. The authors’
proposition is to specify the format of the data necessary for simulation.
This will allow the users to order the needed format converters to the special-
purpose geo-informational firms.

5.1.3.3 Stages of Ground Clutter Simulation
This simulation can be divided into three stages. After inputting the data
on the radar type, season, and weather conditions (first preliminary stage),
auxiliary calculations are provided (second stage). The third (executive) stage
is the simulation of ground clutter. The subjects of the first, second, and
third stages are clarified in the block diagrams (Figure 5.2).

5.1.3.4 Microrelief Simulation
This type of simulation considers the surface roughness with characteristic
dimensions that are essential for high-resolution radar but are not considered
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Figure 5.2 Subjects of the first, second, and third stages of ground clutter simulation.

by DTM. Relative heights of the microrelief elements observed in a particular
direction correspond to realization of a stationary random process f (l ) with
zero mean and variance s2

y (m2). Realizations of this random process can
be defined by an empirical ‘‘two-scale’’ correlation function [7]:

r y (l ) = s2
y ? [A1 exp(−a1 | l | ) ? cos(b1 | l | ) + A2 exp(−a2 | l | ) ? cos(b2 | l | )]

(5.9)

where values a i and b i are the correlation parameters, and values A1
(0 ≤ A1 ≤ 1) and A2 = 1 − A1 are the corresponding dimensionless coefficients
for the two scales. All these values are presented in Table 5.2 for various
underlying surfaces [7, 8].
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Table 5.2
Microrelief Parameters for Various Underlying Surfaces

Type of Variant of
No. Underlying Surfaces the Surface s y (cm) A 1 a 1 (cm−1) b 1 (cm−1) A 2 a 2 (cm−1) b 2 (cm−1)

1 Artificial asphalt I 1.5 1.0 0.15 0.0 0.0 0.0 0.0
carpet II 1.0 1.0 0.15 0.0 0.0 0.0 0.0

III 0.1 1.0 0.2 0.0 0.0 0.0 0.0

2 Stony terrain I 2.5 1.0 0.45 0.0 0.0 0.0 0.0
II 5 0.9 0.2 0.0 0.1 0.05 1.4
III 10 0.8 0.3 0.0 0.2 0.2 1.7

3 Rugged terrain I 10.0 1.0 0.2 0.6 0.0 0.0 0.0
(slightly to II 15.0 1.0 0.12 0.3 0.0 0.0 0.0
intensely rugged) III 20.0 1.0 0.1 0.2 0.0 0.0 0.0

4 Plough-land across I 4 0.9 0.5 0.0 0.1 0.4 6.5
the furrows II 15 1.0 0.06 0.08 0.0 0.0 0.0
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5.1.3.5 Influence of the Earth’s Surface Curvature and Atmosphere
Refraction

For each l th (l = 1, 2, . . . , N ) surface backscattering element with coordinates
xDl , yDl , zDl relative to the point 0, y a, 0 of the radar antenna location,
one can find its horizon range to the radar without accounting for the Earth’s

curvature and refraction as rDl = √x2
Dl + z2

Dl and its height relative to radar
antenna as yDl − y a (Figure 5.3). Here, yDl and y a are the DTM heights of
the l th surface element and of the radar antenna.

The height y l of the l th integrated surface element beyond the radio
horizon accounting for atmosphere refraction can be found using the approxi-
mate expression √1 + a ≈ 1 + a /2 for |a | = (rhl /R ef )

2 << 1. Then we
have

y l = yDl + R ef − √R 2
ef + r2

hl ≈ yDl − r2
hl /2R ef (5.10)

Here, R ef is the effective Earth radius accounting for refraction in the
reference atmosphere (8.5 × 106 m), and rhl is the corresponding horizon
range (distance along the horizon plane). Solving the right triangle, using

Figure 5.3 Clarification of the clutter simulation geometry accounting for the Earth’s
curvature and refraction in the reference atmosphere.
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the approximate expression sinw ≈ w for |w | = rDl /R ef << 1 and taking
into account (5.10), we obtain with accuracy up to inverse second power
of the effective Earth radius (R ef

−2)

rhl = (R ef + yDl − y l ) sin(rDl /R ef ) ≈ rDl [1 + r2
hl /2R 2

ef ] ≈ rDl
(5.11)

5.1.3.6 Example of Ground Clutter Simulation

An example of the ground clutter simulation is presented in Figure 5.4(a)
and (b). Here, the matrix of absolute heights, obtained from DTM data, is
shown [Figure 5.4(a)] for the Eastern European subdistrict with dimension
50 × 50 km; the brighter parts of illustration correspond to the greater heights,
and the darkest parts correspond to lowlands. The result of integration of
ground clutter in the angle coverage sector is shown in Figure 5.4(b). The
simulated view of the plan-position indicator is shown in Figure 5.4(c) as
a result of modeling the target and the ground clutter from DTM data.

Figure 5.4 Simulation of ground clutter: (a) DTM matrix of heights in the brightness
description for Eastern European, 50 × 50 km subdistrict (greater heights
are brighter); (b) result of clutter integration in a coverage sector (clutter is
blackened); and (c) simulated PPI view (clutter is blackened).
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5.2 Simulation of Distortions of Signal Amplitude
and Structure

In this section we consider the principles of simulation (Section 5.2.1) and
approximate solutions of the scattering problem at the Earth-atmosphere
interface (Sections 5.2.2 and 5.2.3) using initial data obtained from the
DTM. The main factors contributing to wave propagation above an under-
lying surface are analyzed in Section 5.2.4. In Section 5.2.5, on the basis of
simulation, we investigate the influence of surface reflections on amplitude
and structure of wideband and narrowband signals.

5.2.1 Principles of Simulation of Wave Propagation Above
Underlying Surface

The DTM, containing the necessary a priori information about the macrore-
lief and the surface type in the target direction, is most convenient for
simulation of surface reflections. We also need additional information about
the microrelief, electrical parameters of the underlying surface (complex
dielectric constant, conductivity), and current weather and atmosphere condi-
tions (a presence of atmospheric precipitates, their type and intensity, temper-
ature, atmospheric pressure, humidity). Discrete description of the underlying
surface can be supplemented by the preliminary continuous one, using, for
instance, a spline approximation. Smoothed descriptions are used to define
the first and second derivatives in the surrounding of points of ray reflection.

Principles of Approximate Solution of the Scattering Problem. The approximate
solution is carried out on the basis of geometrical optics [9–11] and the
theory of multipath propagation [1–3, 10, 11]. It is assumed that the uneven
but smooth surface (Figure 5.5) contains a great number M of reflecting
elements. Each of them is a source of a spherical wave and contains several
Fresnel zones and points of stationary phase.

The resultant field Ė S near the receiving antenna is defined as the sum
of the 1 + 2M + M 2 backscattered ray groups

Ė S = Ė00 + ∑
M

m=1
Ėm0 + ∑

M

l=1
Ė0l + ∑

M

m=1
∑
M

l=1
Ėml (5.12)

of four kinds:

1. Ė00 corresponding to direct target illumination and direct reception
without reflections from the surface elements;
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Figure 5.5 Clarification of radar signal formation near an uneven smooth surface.

2. Ėm0, k = 1, 2, . . . , M corresponding to illumination of the target
through the m th surface element (Section 5.2.1) and direct recep-
tion;

3. Ė0l , l = 1, 2, . . . , M corresponding to direct target illumination
and reception through the l th surface element;

4. Ėml , k , l = 1, 2, . . . , M corresponding to target illumination
through the m th surface element and reception through the l th
surface element.

Conditions of Applicability. The four following assumptions are made:

• The target range exceeds the range of masking (shadowing) obstacles
restricting direct visibility of the target;

• Grazing angles c l (Figure 5.5) are less than 30° and more than 0.5°
to 1°, allowing use of the results of [1–3, 9–12]. For the angles less
than 0.5° to 1° it is possible also to use the results of [9] obtained
for the shadow and half-shadow zones;

• For small grazing angles the monostatic PSM Ai (R°) replaces approx-
imately the bistatic PSM Ai (R°, Ll , i ) for each l th bright element
of the surface and i th bright element of the target. Although the
values |L | are not small, moduli of the dot products |LTdE /dL |
entered in (1.21) are not usually very large;

• Path-length differences between the direct rays and those propagated
through arbitrary l th or m th (l , m = 1, . . . , M ) element of surface
(Figure 5.5) are approximately identical for various bright elements
of target i (i = 1, . . . , N ).
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5.2.2 Approximate Solution of the Scattering Problem at the Earth-
Atmosphere Interface

Components of (5.12), after accounting for the conditions discussed above,
and angular resolution of surface elements, will take the following form:

Ė00 = (p0
rec)

*TF∑
N

i=1
Ḟrec(b i , e i )Ai (R°)Ḟtr(b i , e i )e −j2p fDt i U̇ (t − Dt i )Gp0

tr

(5.13)

Ėm0 = (p0
rec)

*T

? F∑
N

i=1
Ḟrec(b i , e i )Ai (R°)e −j2p f (Dt i +d t m )U̇ (t − Dt i − d tm )G

? Bmp0
tr Ḟtr(bm , em ) (5.14)

Ė0l = Ḟrec(b l , e l )(p
0
rec)

*TB*T
l (5.15)

? F∑
N

i=1
Ai (R°)Ḟtr(b i , e i )e −j2p f (Dt i +d t l )U̇ (t − Dt i − d t l )Gp0

tr

Ė kl = Ḟrec(b l , e l )(p
0
rec)

*TB*T
l (5.16)

? F∑
N

i=1
Ai (R°)e −j2p f (Dt i +d t kl )U̇ (t − Dt i − d tml )GBmp0

tr Ḟtr(bm , em )

d tml = d tm + d t l (5.17)

Here,

Ḟtr(b , e ) and Ḟrec(b , e ) are the complex patterns of the transmitting
and receiving antennas;

Dt i = 2r i /c is the direct echo delay from the i th target element;

d tm and d t l are the additional delays due to the ray propagation through
the m th surface element on the ‘‘radar-target’’ path and through the
l th surface element on the ‘‘target-radar’’ path; and

Bm and Bl are the specific PSMs for the m th and l th surface elements.
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5.2.3 Variants of Approximate Solutions of the Scattering Problem

Use of Operational Procedure for Directly Obtaining the Result of (5.13) to
(5.16). The operational form of the described solution (5.13) to (5.16) is
a development of (1.22) through (1.23):

A(p ) = P*T
rec (p )F∑

N

i=1
Ai (R°, L)e −pti 10−Q Abi /20GPtr(p ) (5.18)

where Ptr(p ) and Prec(p ) are the operational forms of the propagation-
polarization vectors for the paths ‘‘transmitter-target’’ and ‘‘target-receiver’’:

Ptr(p ) = SI + ∑
M

l=1
Ḟtr(b l , e l )Bl e

−pd t lD ? p0
tr (5.19)

Prec(p ) = SI + ∑
M

l=1
Ḟrec(b l , e l )Bl e

−pd t lD ? p0
rec

Performing the inverse transforms (1.22), we can obtain the result of
substitution of equations (5.13) through (5.17) into (5.12).

Use of Facet Procedure. The facet procedure is realized by means of replacing
a smooth surface by a surface consisting of contiguous triangles (see Section
7.1.5). As with the previous procedures, this one can be based on the use
of DTM information.

5.2.4 Main Factors Contributing to the Wave Propagation Above
Underlying Surface

Description of relief, geometrical parameters of reflections, and electrical
parameters of underlying surface contribute to the wave propagation above
this surface.

Description of relief is provided by:

1. Supplementing the discrete description of the underlying surface
with the smoothed one y l = y (rhl ), where rhl is the horizon range
(5.11);

2. Using also the microrelief correlation function (5.9).

Geometrical parameters of reflections include the reflection-effective
domain, coordinates of reflecting elements, and path-length differences.
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The reflection-effective domain is the region significant for reflection.
It is determined by the total dimensions of several main Fresnel zones. All
these Fresnel zones are disposed in the vicinities of various k th bright points
(k = 1, . . . , M ) and have elliptical shapes [9–11]. The length (radial range
extension) and width (cross-range extension) of each zone is limited by the
path-length difference nl /4 of the beams reflected from its edge points. The
length of the total ellipse is hundreds of meters or kilometers. It significantly
exceeds the width, which does not, as a rule, exceed meters or dozens of
meters [3, 9–11]. The roughness of relief in the cross-range direction can
therefore be neglected if the country is not very hilly.

Coordinates of Reflecting Points and Checking for Their Visibility. The coordi-
nates of reflecting elements rhl and y (rhl ) for the rays that reach the target
(Figure 5.5) can be found from the transcendental equation

e l + atan[∂y (rhl )/∂rh] = e tgl − atan[∂y (rhl )/∂rh] (5.20)

where e l is the elevation angle of the l th surface element from the radar
side, and e tg is the elevation angle of this element from the target side. Both
angles are calculated using additional equations analogous to (5.6).

The conditions of visibility of l th reflecting element from both the
radar antenna’s phase center and target position must be checked against

Htane l > tane q , for q = 1, . . . , l − 1
tane tgl > tane tgq , for q = l + 1, . . . , Q

(5.21)

Here, Q is the total number of the surface reflecting elements in the
reflection-effective domain, q is the number of the element, increasing
together with its horizontal range rhq . If inequalities (5.21) are not satisfied
for element number l , then the corresponding l th reflecting element is
considered to be shadowed and is excluded from further calculations. After
all the points were checked, the number M is found for the points that are
the real solutions of (5.20) for the unshadowed surface bright points, existing
at the ranges from the minimum range to the range of the target or the
range of the direct visibility.

Time delays d t l between the direct ray and the corresponding rays
propagated through l th (l = 1, . . . , M ) surface elements (Figure 5.5) are
determined by the following equation:

d t l = R (cose tg − cose l )/c cose l (5.22)
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Electrical parameters of reflections include the complex permittivity
and specific PSM of surface elements.

The complex permittivity for the l th reflecting point is found from

ė cl = e rl − j60ls cond l (5.23)

where e rl is its relative permittivity and s condl is its conductivity (see Table
5.3).

Specific PSM of Underlying Surface. The specific PSM for l th reflecting
surface element has a structure similar to that of the specific PSM (5.4) for
ground surface scattering. Accounting for the phase, we obtain the specific
PSM Bl in the form

Bl = ||√s
VV
l e jw

VV
l √s

VH
l e jw

VH
l

√s
HV
l e jw

HV
l √s

HH
l e jw

HH
l || = || Ṙ VV

l Ṙ VH
l

Ṙ HV
l Ṙ HH

l ||
? (1 − KSRl )(1 − KAbl )KRDl KShl (5.24)

where Ṙ VV
l , Ṙ VH

l , Ṙ HV
l , Ṙ HH

l , are the complex coefficients of reflection for
various polarizations, KSRl is the coefficient of surface roughness, KAbl is the
coefficient of absorption (1 − KAbl = 0.3–0.03 [1, p. 295]), KRDl is the
coefficient of the ray divergence, and KShl is the coefficient of shadowing
(masking). All the coefficients are given for the l th reflecting point. The

Table 5.3
Electrical Properties of Typical Surfaces

s cond,
No. Material e r (ohm*m)−1

1. Good soil (wet) 25 0.02
2. Average soil 15 0.005
3. Poor soil (dry) 3 0.001
4. Snow, ice 3 0.001
5. Fresh water l = 1m 81 0.7

l = 0.03m 65 15
6. Salt water l = 1m 75 5

l = 0.03m 60 15

Source: [1].
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values Ṙ VV
l and Ṙ HH

l are found using the Fresnel equations for the unit
relative permeability m r = 1:

Ṙ VV
l =

ė cl sinc l − √ė cl − cos2c l

ė cl sinc l + √ė cl − cos2c l

, Ṙ HH
l =

sinc l − √ė cl − cos2c l

sinc l + √ė cl − cos2c l

*

(5.25)

As in [3, p. 18] and [13, p. 20], we assume in simulation that

Ṙ VH
l ≈ 0, Ṙ HV

l ≈ 0 (5.26)

The rest of the values entered into (5.14) are defined as follows:

1. The coefficient of surface roughness KSRl is defined from the equa-
tion

(1 − KSRl )
2 = exp(−8p2s2

hl sin2c l /l
2) (5.27)

where shl is the standard deviation of the heights of microrelief
roughness in the neighborhood of the l th reflecting element
[1, p. 293].

2. The divergence factor KRDl is defined from the equation [9, 10,
12]

KRDl ≅ [1 + 4m
2
l (1 − m l )

2R 2
tgh(t )/Rl Hl ]

−1/2 (5.28)

where R tgh(t ) is the horizon range of the target, m l = rhl /R tgh(t )
is the relative range of the l th reflecting element, Hl = rhl tane tg
+ ya − y (rhl ) is the altitude of the target line-of-sight above the l th
reflecting element, and Rl is the average radius of the surface cur-
vature in the neighborhood of l th reflecting element.

3. Coefficient of shadowing (masking) KShl is defined from the
equation

KShl = Nilll /Novl (5.29)

* See also (7.9) and (7.10).
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where Nilll is the number of the elements of microrelief illuminated
by the radar per the unit area (line) of macrorelief in the neighbor-
hood of l th reflecting element of surface, Novl is the overall number
of the microrelief elements per the unit area (line) of macrorelief
also in the neighborhood of this l th element.

5.2.5 The Influence of Surface Reflections on the Amplitude
and Structure of Radar Signals

Such influence is caused by the interference of direct signals with those
propagated via the Earth’s surface. The signals reflected from the surface
have additional delays d tm , d t l , or d tm + d t l due to rays’ propagation
through the paths radar-surface-target, target-surface-radar, or radar-surface-
target-surface-radar, respectively. The result of interference of the signals
depends on the products of their bandwidth and the time delay, on their
phase differences, and on the ratios of their amplitudes. The interference of
narrowband signals causes practically only amplitude fluctuations; while the
interference of wideband signals (target RPs for instance), together with
amplitude fluctuations, causes distortions of their structures, especially in
the case where direct and reflected signals are out of phase and the Fresnel
reflection coefficients are near unity.

Quantitatively the influence of interference on the received narrowband
signal is expressed through the pattern propagation factor, which is equal
to the ratio of the amplitude of the total received signal to the amplitude
of the received signal in free space. For a wideband signal this factor is
defined as the ratio of the correlation processing result for the total received
signal to that for the received signal in free space. In this section correlation
processing is carried out only in regard to the expected RP.

Figure 5.6 shows the pattern propagation factors for a point target:

• For a narrowband signal with horizontal polarization, obtained by
calculation using known formulae [1, p. 291, (6.2.5)] F (e tg) =
| f (e tg) + f (−c )rD exp(−ja ) | (solid lines in Figure 5.6);

• For a wideband chirp signal of 300-MHz deviation with horizontal
polarization, obtained by simulation using standard RPs for free
space (dotted and dashed lines in Figure 5.6).

The calculation was performed for a wavelength l = 0.1m, target range
r tg = 20 km, antenna height ha = 10m, and antenna elevation pattern width
equal to 2° neglecting the diffraction [9]. The underlying surface was:
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Figure 5.6 Pattern propagation factor calculated for narrowband (NB) illumination [1] and
simulated for wideband (WB) illumination.

• Dry soil with a standard deviation in height equal to 0.1m covered
by grass with (1 − KAb) = 0.3;

• Calm sea surface.

For a target elevation angle e tg < 0.5°, results of calculating for the
narrowband signal practically coincide with the results of simulation for
the wideband signal. For a greater elevation angle e tg, the oscillations of the
pattern propagation factor for the wideband signal are more damped than
for the narrowband one. This can be explained by the increased relative shift
of the envelopes of reflected and direct wideband signals, which are summed
without mutual cancellation.

The oscillation frequency of the pattern-propagation factor F (e tg) for
various elevation angles e tg is determined by the rates of change of the path-
delay difference d t l (e tg) between reflected and direct signals, their path-
length difference d r l (e tg) = cd t l (e tg), and phase difference 2p fd t l (e tg).
The path-length differences d r l (e tg) and moduli of reflection coefficients
versus elevation angle e tg are shown in Figure 5.7 for various underlying
surfaces and polarizations. Pattern-propagation factor minimums are
observed when the reflected and direct signals interfere out of phase. Their
depth and also maximum amplitudes depend on the ratio of amplitudes of
interfering signals. Evidently, these ratios take maximum values for a signal
horizontal polarization and the surfaces with good conductivity. According
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Figure 5.7 The path-length differences d rl (e tg) (dot-and-dash line) and reflection coefficient modulus for vertical (solid lines) and horizontal
(dashed lines) polarizations and various underlying surfaces versus elevation angle e tg.
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to (5.25), the modulus of reflection coefficient decreases with an increase
of elevation angle (and the corresponding grazing angle).

Figure 5.8 shows the RPs of an F-15 aircraft [Figure 5.8(a), (c)] and
of an ALCM missile [Figure 5.8(b), (d)] for the case of observation above
the calm sea surface with the use of a 300-MHz chirp signal. Solid lines in
Figure 5.8(a) and (b) correspond to undistorted RPs propagated through
the radar-target-radar path, and dashed lines correspond to the delayed RPs
reflected from the underlying surface. The path-length difference d r l (e tg)
between these RPs for e tg = 2.5° was 0.856m. Results of interference of
these signals accounting for their mutual phase differences are shown in
Figure 5.8(c) and (d). The resultant RPs of the F-15 aircraft [Figure 5.8(c)]
and the ALCM missile [Figure 5.8(d)] obtained after in-phase summation
for the path-length difference of 0.856m are shown by solid lines, and those
resultant RPs obtained after out-of-phase summation for the smaller path-
length difference (about 0.1m) are shown by dotted lines. In the case of
large path-length difference (relative to the range resolution element Dr ),
distortions of the RPs are determined mainly by the range shift of the signal
envelopes. In the case of small path-length difference (comparable to the
wavelength), the effect of the envelope differentiation exhibits itself, accompa-
nied by significant energy losses.

The degree of the signal envelope distortion is characterized by the
coefficient of correlation between the shapes of undistorted (free space) and
distorted (due to surface reflections) RPs. Such correlation coefficients versus
the target elevation angle e tg for the F-15 aircraft and the ALCM missile
are shown in Figure 5.9, which also shows the pattern-propagation factor
F (e tg) versus the target elevation angle e tg. This figure justifies the conclusion
that maximum distortion (decorrelation) of signals for small elevation angles
of targets e tg (and small path-length differences) is caused by the effect of
envelope differentiation when the direct and reflected signals interfere out
of phase. For great e tg (and great path-length difference), the distortion due
to range shift of envelopes becomes more significant. The RP correlation
coefficient decreases to between 0.9 and 0.8 for well-conducting surfaces
(calm sea surface, wet soil). Inversely, for poorly conducting surfaces (dry
soil or other surfaces with diffuse principle scattering) distortions of the RP
are not very significant.

5.3 Problem of the Wideband Target Recognition Under
Conditions of Signal Distortions

The problem must be discussed under the assumption of the clutter cancella-
tion. A wideband signal can be distorted by any kind of clutter canceller
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Figure 5.8 Simulated RPs for F-15 aircraft (a, c) and ALCM missile (b, d) observed above calm sea surface for various cases of propagation.
In (a) and (b) solid lines represent the absence of reflection from the surface; dashed lines represent the presence of such reflection.
In (c) and (d) solid lines represent in-phase summation of RPs (a, b); dashed lines represent out-of-phase summation of RPs (a, b).
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Figure 5.8 (continued).
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Figure 5.9 Correlation coefficients between undistorted (free space) and distorted (sea surface reflections) RPs, and the corresponding pattern
propagation factors for two targets obtained using the 300-MHz chirp signal.
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because of significant range shift of its envelope between two succeeding
illuminations. This distortion can be much greater than corresponding distor-
tions due to surface reflections (for dry soil or other surfaces with diffuse
scattering) if the PRF is constant and not very high. The distortions of a
clutter canceller can also be much smaller than the distortions due to surface
reflections (wet soil or sea surface) if the PRF is high. We simulated, therefore,
two cases of target recognition:

1. Target class recognition with distortions of RPs caused by the mov-
ing target indicator (MTI) only (Section 5.3.1);

2. Target type and class recognition with distortions of RPs caused
by surface reflections only (Section 5.3.2).

The conditions of simulation were as follows: (1) range resolution of
0.5m, wavelength l = 0.1m, and horizontal polarization; (2) yaw and pitch
aspect were changed in the sectors of 10° to 30° and 2° to 10°, respectively;
(3) target classes were recognized only by RPs using the correlation algorithm
with the search within the range gate; (4) a dual MTI canceller was simulated;
(5) rotational modulation was not introduced into the RPs; and (6) simulation
was carried out assuming the recognition provided by a single illumination
under conditions with an absence of noise and clutter residue. Let us mention
that in Chapter 4 some examples were given showing that the influence of
the time varying realizations of noise on recognition can be substantially
reduced by an increase in the transmitted energy and the number of illumina-
tions and recognition signatures.

5.3.1 Target Class Recognition for the RP Distortions by MTI Only

Wideband recognition by use of RPs was simulated for a B-52 and an F-15
aircraft and for an ALCM missile. Recognition of classes was reduced in
this case to recognition of target types provided there was only one type of
target in each class. The objective of the study was the dependence of
recognition quality on the target radial velocity using a dual-canceller MTI
with a PRF of 365 Hz.

The MTI influence on the RP structure is as follows. The RPs at the
input (solid line) and output (bars) of dual-canceller MTI are shown in
Figure 5.10 for large-sized (B-52), medium-sized (F-15), and small-
sized (ALCM) targets. Radial velocities V r for simplicity were chosen
to be the same for all the targets and equal to 300 m/s, so that the ratio
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Figure 5.10 Range profiles at the input (lines) and output (bars) of MTI for (a) B-52 and
(b) F-15 aircraft and for (c) ALCM missile.

(V rTpr)/Dr ≈ 1.6. It can be seen from Figure 5.10 that the range profiles
are stretched and distorted at the MTI output.

Amplitude-velocity characteristics of the dual-canceller simulated for
large-sized and small-sized targets using wideband illumination signals are
shown in Figure 5.11.

It can be seen from Figure 5.11 that the intervals between the maximum
and minimum values of response of the dual-canceller MTI and its mean
value decrease as the target radial velocity increases.

Recognition using the RPs distorted by MTI was simulated using three
individualized standard RPs for each target obtained by the sets of 100
teaching RPs. Reference conditional probabilities of class recognition for
single (N = 1) target illumination using the undistorted RPs are presented
in Table 5.4. Corresponding conditional probabilities of class recognition
using the RPs distorted by MTI, but without accounting for the influence
of such distortion, are shown in Table 5.5 for the ratio (VrTpr)/Dr ≈ 1.6.
It is seen that recognition quality decreases.
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Figure 5.11 Amplitude-velocity characteristics of dual-canceller simulated for large-sized
and small-sized targets using wideband illumination signal.

Table 5.4
Reference Conditional Probabilities of Target Recognition for Single (N = 1) Target

Illumination Using the RPs and Standards Undistorted in the MTI

Solution

Condition B-52 F-15 ALCM

B-52 0.98 0.02 0.0
F-15 0.0 1.0 0.0
ALCM 0.0 0.0 1.0

Table 5.5
Conditional Probabilities of Target Recognition for Single (N = 1) Target Illumination

Using the RPs Distorted in the MTI and Undistorted Standards

Solution

Condition B-52 F-15 ALCM

B-52 0.84 0.09 0.07
F-15 0.11 0.75 0.14
ALCM 0.0 0.04 0.96

To avoid such decreases in recognition quality, one can anticipate the
preliminary distortion of the RPs introduced by the MTI under assumptions
of various target velocities, and then increase the number of standards
according to the number of velocity channels. At the recognition stage, one
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has to obtain a rough velocity estimate (sVr
Tpr << Dr ) together with a

coarse estimate of the target aspect sector.
Table 5.6 presents the conditional probabilities of recognition corre-

sponding to the use of the sets of teaching RPs preliminarily distorted
by the MTI under the assumption of a target velocity interval of 300 ±
50 m/s and (2mDV rTpr)/Dr < 0.5, where m is the number of the canceller
delays. The quality of recognition is increased compared to Table 5.5.

5.3.2 Target Type and Class Recognition for the RP Distortions by
Underlying Surface Only

Recognition of 11 Target Types. Wideband target recognition by RPs was
simulated for the following targets: Tu-16, B-52, B-1B, Mig-21, F-15,
Tornado, and An-26 aircraft; AH-64 helicopter; ALCM and GLCM missiles;
and passive decoy.

Reference conditional probabilities of type recognition without any
distortions (free space, no noise) are presented in Table 5.7. The results
presented correspond to the use of three standard RPs for each type of target
obtained by the sets of 100 teaching RPs. The whole probability of error
was P er = 0.03. Table 5.8 presents corresponding conditional probabilities
of recognition for the case where the RPs were distorted by the reflections
from the underlying surface and standard RPs were assumed to be the same
as for free space. Targets were observed above a calm sea surface at an
elevation angle of e tg = 2.5°. The probability of error in type recognition
increased to P er = 0.275. Such a great increase was due to an increased
number of errors in recognition of small-sized targets, RPs of which were
stretched so that they were misrecognized as medium-sized targets.

Recognition of Three Target Classes. Analogous results were obtained for
recognition of the large-sized, medium-sized, and small-sized target classes

Table 5.6
Conditional Probabilities of Target Recognition for Single (N = 1) Target Illumination

Using the RPs and Standards Distorted in the MTI

Solution

Condition B-52 F-15 ALCM

B-52 0.97 0.03 0.0
F-15 0.01 0.97 0.02
ALCM 0.0 0.0 1.0
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Table 5.7
Conditional Probabilities of the 11 Target Type Recognitions for Single (N = 1) Target Illumination by Undistorted RPs

(Free Space, No Noise)

Decision

Condition Tu-16 B-52 B-1B MiG-21 F-15 Tornado ALCM GLCM An-26 Decoy AH-64

Tu-16 0.96 0.03 0.01 0 0 0 0 0 0 0 0
B-52 0 0.95 0.05 0 0 0 0 0 0 0 0
B-1B 0 0.06 0.88 0.04 0 0 0 0 0 0.02 0
MiG-21 0 0 0 0.98 0.02 0 0 0 0 0 0
F-15 0 0 0 0.02 0.97 0.01 0 0 0 0 0
Tornado 0 0 0 0.04 0 0.95 0.01 0 0 0 0
ALCM 0 0 0 0 0 0 1 0 0 0 0
GLCM 0 0 0 0 0.02 0 0.02 0.87 0 0.09 0
An-26 0 0 0 0 0 0 0 0 0.79 0.17 0.04
Decoy 0 0 0 0 0 0 0 0 0 1 0
AH-64 0 0 0 0 0 0 0 0.01 0.11 0.02 0.86
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Table 5.8
Conditional Probabilities of the 11 Target Type Recognitions for Single (N = 1) Target Illumination by Distorted RPs

(Reflections from Sea Surface, No Noise)

Decision

Condition Tu-16 B-52 B-1B MiG-21 F-15 Tornado ALCM GLCM An-26 Decoy AH-64

Tu-16 0.91 0.03 0.01 0.01 0.04 0 0 0 0 0 0
B-52 0.11 0.67 0.06 0.12 0.03 0.01 0 0 0 0 0
B-1B 0.03 0.09 0.8 0.06 0.02 0 0 0 0 0 0
MiG-21 0.01 0 0 0.9 0.04 0.05 0 0 0 0 0
F-15 0 0 0 0.06 0.87 0.07 0 0 0 0 0
Tornado 0.01 0 0 0.05 0.03 0.91 0.01 0 0 0 0
ALCM 0 0 0 0 0.08 0 0.02 0.26 0.64 0 0
GLCM 0 0 0 0 0.0 0 0.07 0.82 0.01 0.1 0
An-26 0 0 0 0 0.08 0 0.02 0.22 0.63 0 0.05
Decoy 0 0 0 0 0 0 0.17 0.83 0 0 0
AH-64 0 0 0 0 0 0 0.07 0.17 0.14 0 0.62
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by undistorted (Table 5.9) and distorted (Table 5.10) RPs. It is seen that
the increase in probability of error from P er = 0.01 to P er = 0.23 is due to
conditional probability of recognition for small-sized targets being reduced
from 0.99 to 0.42.

Conclusions. The results of Tables 5.8 and 5.10 were obtained for the worst
case where the targets were observed above a calm sea surface using large
signal bandwidth of 300 MHz. The decrease of recognition quality observed
in this case relative to free space can probably be recovered by decreasing
the signal bandwidth and by using preliminary distortions of standard RPs
(similar to the case of MTI, Section 5.3.1). For many aspects of shortwave
illumination, the medium-sized targets can be distinguished from the small
ones using a rotational modulation signature. Further simulations can help,
apparently, in developing methods for low-altitude target recognition over
the sea.

For the targets observed above a dry surface, the simulation carried
out shows that the correlation coefficient of RPs is not significantly decreased,

Table 5.9
Conditional Probabilities of the Three Target Class Recognitions for Single (N = 1)

Target Illumination by Undistorted RPs (Free Space, No Noise)

Solution

Condition Large-sized Medium-sized Small-sized

Large-sized 0.987 0.013 0
Medium-sized 0 0.997 0.003
Small-sized 0 0.007 0.993

Table 5.10
Conditional Probabilities of the Three Target Class Recognitions for Single (N = 1)

Target Illumination by Distorted RPs (Reflections from Sea Surface, No Noise)

Solution

Condition Large-sized Medium-sized Small-sized

Large-sized 0.907 0.093 0
Medium-sized 0.007 0.99 0.003
Small-sized 0 0.58 0.42



213Peculiarity of Simulation and Recognition for Low-Altitude Targets

and the recognition quality is not significantly reduced compared to the case
of recognition in free space (Table 5.7).
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6
Review and Simulation of Signal
Detection and Operation of Simplest
Algorithms of Target Tracking

Since the basic algorithms of detection and tracking are well known, we will
deal mainly with the discussion of the possible contribution of backscattering
simulation methods in the Research and Development (R&D) of correspond-
ing radar systems. In Section 6.1 we compare an a priori and simulated
fluctuation pdf of a narrowband radar echo signal and consider its detection
characteristics based on this pdf [1–13]. In Section 6.2 we consider target
coordinate and doppler glints for narrowband illumination and their influ-
ence on tracking with corresponding results of simulation [14–19]. In Section
6.3 we discuss some aspects of wideband signal use in detection and tracking
based on simulation results [20, 21]. The ‘‘log-scale’’ method and some
other methods for the detection of various targets illuminated by wideband
signals are proposed and their quality indices are evaluated.

6.1 Target RCS Fluctuations and Signal Detection with
Narrowband Illumination

In this section we consider the background, details, and statement of the
problem (Section 6.1.1), list the variants of simulation of signal detection
on the noise background (Section 6.1.2), and compare, using examples, the
simulated pdf of RCS with its a priori pdf (Section 6.1.3).

215



216 Computer Simulation of Aerial Target Radar

6.1.1 Background, Details, and Statement of the Problem

Initial Swerling Distributions. Both the radar designer and radar analyst need
the target RCS to be properly specified for evaluation of radar performances
in various conditions. The detection range of a fluctuating target in a noise
background is one of such valuable performance measures. The problem of
its evaluation was systematically studied after World War II, but generalized
results of this study were published only in 1960 [1, 2].

For the coherent signals, Swerling considered two types of pdf of the
ratio x = s /s > 0, where s is the target RCS and s is its mean value [2].
These pdfs were

p (x ) = e −x and p (x ) = 4xe −2x (6.1)

The value of both pdfs (6.1) resulted from their adequate approximation
of real situations for definite target classes. The first pdf of (6.1) describes
the RCS fluctuations of a large-sized target in nonradial flight, when the
variance of RCS is great. The second pdf of (6.1) describes the RCS fluctua-
tions for a medium-sized target also in nonradial flight.

Chi-Square pdf. In limited aspect sectors, the variance of RCS decreases.
Therefore, in 1956–1957 Swerling and Weinstock [3, 4] proposed to use a
more general chi-square pdf of ratio x = s /s > 0 with 2k degrees of freedom:

pk (x ) = Ak xk−1e −kx (6.2)

where Ak = kk /(k − 1)! This corresponds to a pdf of the normalized signal
amplitude b :

pk (b ) = 2Akb2k−1e −kb 2
E(b2) = b2 = 1 (6.3)

Both previous pdfs (6.1) became special cases of pdf (6.2). The first
pdf of (6.1) corresponds to the value k = 1 in (6.2) and (6.3). The amplitude
distribution (6.3) for k = 1 is the well-known Rayleigh distribution. The
second pdf of (6.1) corresponds to the value k = 2 in (6.2) and (6.3).
Detection probabilities for various k in (6.2) and (6.3) were presented in
tables of Meyer and Mayer’s handbook [5]. For large k both pdfs, (6.2) and
(6.3), approach the Gaussian.

Log-Normal pdf. Heidbreder and Mitchell [6] showed in 1967 that the chi-
square model (6.2) is inadequate for description of a significantly asymmetric
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RCS pdf such as that of a missile or a ship. As a measure of asymmetry,
they introduced the ratio

R = s /smed

of the mean and median values of RCS. The median value smed is determined
so that the probabilities of the random RCS values s exceeding smed and
of those being below smed are identical and equal to 0.5. The ratio R is
equal to unity for the Gaussian pdf, equal to 1.18 for the second of pdf
(6.1), and equal to 1.44 for the first of pdf (6.1). However, the ratio R for
real missiles and ships is much greater. As the pdf applicable for various
values of R , Heidbreder and Mitchell proposed to use the log-normal pdf
p (x ), x = s /s > 0 obtained on the basis of a Gaussian pdf for the value
y = lnx , so that

p (x ) = p (y ) | dy
dx | =

1

√2pD
expF−

(lnx − M )2

2D G |d lnx
dx |

or

p (x ) =
1

x√2pD
expF−

(lnx − M )2

2D G (6.4)

where the parameters M and D are the mean and variance of pdf of the
random value y = lnx . Let us find them as functions of ratio R.

It is known that for the Gaussian pdf of y , its mean value (mathematical
expectation) y = M coincides with its median value ymed or M = ymed. In
turn, owing to the monotonic nature of the logarithmic function y = lnx ,
the median value ymed coincides with the value of function ymed = ln(xmed)
of median value of argument xmed, so M = ln(xmed). Since the median value
of the variable x = s /s is xmed = smed /s , then

M = ln(smed/s ) = lnR −1 = −lnR

The mean value of x = s /s (0 ≤ x < ∞) is x = s /s = 1. But in
integral form it is

x = E
∞

0

xp (x )dx = 1
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The latter equation allows expressing the unknown parameter D of
pdf (6.4) through the ratio R = s /smed. Using (6.4) and replacing the
variable x with a new variable z by means of the relation x =
R −1e √D (z+√D ), −∞ < z < ∞, we obtain

1

√2pDE
∞

0

expH−
[ln(Rx )]2

2D Jdx = R −1 e D /2 ?
1

√2p E
∞

−∞

e −z 2 /2dz = R −1e D /2 = 1

or D = 2 lnR .
So, having determined R = s /smed by the experiment or simulation,

one can define the parameters of log-normal pdf (6.4) as

M = − lnR and D = 2 lnR .

Other Propositions, Statement of the Problem. In 1997 a new discussion of
the old RCS pdf problem took place. It was initiated by Johnston [8] and
participated in by Swerling [9].

Xu and Huang [10] proposed to approximate the RCS pdf by the sum
of 10 to 30 Legendre orthogonal polynomials with coefficients depending
sophistically on the central moments of the real target pdf.

Johnston [11] intended to simulate the target backscattering. The
following requirements to a desirable model were formulated: ‘‘The target
model should consist of three submodels: RCS, motion and glint. These
must be associated with an environmental model; this association must be
done for each specific type or family of targets.’’

By then, the authors of this book had been working for many years
in formulating such models for simulation, especially in recognition. The
results of this work could be used in detection and tracking, as was stated
in [12, 13] and will be considered below.

6.1.2 Variants of Simulation of Signal Detection on the Noise
Background

There are several variants of detection probability evaluation:

• Calculation of detection probabilities in a noise background using
the simulated RCS pdf for theoretical signal models. For this case
we simulate the RCS pdf (Section 6.1.3);



219Review and Simulation of Signal Detection and Tracking

• Complex simulation of the target backscattering in test flights at
given altitudes. Corresponding examples for detection of wideband
signals in free space will be considered in Section 6.3.1. Simulation
of detection of narrowband and wideband signals can be provided
also in conditions of propagation near the Earth’s surface (Chapter
5) for various cases of MTI and MTD use.

6.1.3 The Simulated RCS pdf and Comparison with Its A Priori pdf

The simulated pdf of RCS depends on the type of target and on the given
aspect sector. Simulated RCS histograms obtained in the 0° to 20° aspect
sector are shown in Figure 6.1 for Tu-16-type aircraft and ALCM-type
missile. Histogram approximations are also shown in Figure 6.1. The chi-
square pdf approximates the histogram in Figure 6.1(a) for the aircraft, and
the log-normal pdf approximates the histogram in Figure 6.1(b) for the
missile. The number of duo-degrees of freedom for the Tu-16 bomber in
Figure 6.1(a) is 2K = 1.6 (the same as for experimental data for ‘‘typical
aircraft’’ of unspecified type [10]).

The simulated RCS histogram approximations obtained in the 0° to
20°, 30° to 50°, and 60° to 80° aspect sectors for the Tu-16- and F-15-type
aircraft and the ALCM-type missile are shown in Figure 6.2. The histograms
were approximated with a chi-square pdf for Tu-16- and F-15-type aircraft

Figure 6.1 The RCS distribution histograms and their approximations: (a) for Tu-16-type
aircraft approximated by chi-square pdf; and (b) for ALCM missile approximated
by log-normal pdf.
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Figure 6.2 Approximations of the RCS histograms for various aspect sectors: (a) with
chi-square pdf for the Tu-16-type aircraft; (b) with chi-square pdf for the
F-15-type aircraft; and (c) with log-normal pdf for the ALCM-type missile.

and with a log-normal pdf for ALCM-type missile. Influence of the aspect
sector choice on the RCS pdf is weak for the large-sized aircraft (Tu-16
type). Conversely, it is strong for the medium-sized aircraft (F-15 type) and
small-sized missile (ALCM type).

The detection simulation shows:

1. Closeness of the simulation results to the experimental data of other
authors;

2. Advantage of backscattering models taking into account the specific
features of the target type and its aspect sector in comparison with
the widely used pdf approximations.

6.2 Coordinate and Doppler Glint in the Narrowband
Illumination

R&D of tracking systems consider various error sources: thermal noise,
multipath, irregularity of atmosphere refraction, and the glint of extended
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targets in angle, range (delay), and doppler frequency [14]. The glint sources
can easily be considered with the backscattering model used with or without
accounting for thermal noise. Extended targets glint can be simulated for
both sequential scan type and monopulse type angle measurement, as well
as for single or integrated measurement results in view of target motion. In
Section 6.2.1 we consider the extended target concept and basic glint equa-
tions for narrowband signals in free space. In Section 6.2.2 we consider
examples of the theoretical glint analysis for the two-element target model.
Angular, delay, doppler frequency glints, and the concept of a center of the
target backscattering will be considered particularly in Sections 6.2.1 and
6.2.2. Possible simulation results for the glint of complex targets will be
given and discussed in Sections 6.2.3 and 6.2.4. Using Chapter 5, one
can consider also additional glint under condition of reflections from the
underlying surface.

6.2.1. The Extended Target Concept and Basic Equations of Target
Glint

The extended target concept depends on the kind of illumination. With
narrowband illumination, the ‘‘glint’’ can be especially intense. The inherent
random components of errors in measurement of coordinates and velocities
caused by the interference of reflections from different elements of the
complex target are so named.

A target with unresolved elements is considered as extended if its glint
exceeds or approaches the equipment errors of the coordinate measurement.
Angular, range, spatial, and doppler glint can be taken into account [14–19].
Let us consider all of them, as usual, without accounting for rotational
modulation, which will be accounted for separately in simulation.

Angular Glint. Angular glint can be considered as the change of phase front
orientation of the backscattered wave in the vicinity of the receiving antenna
due to the interference phenomenon. The surface of constant phase

x (L, f , t ) = argĖ (L, f , t ) = const

is assumed here to be the phase front for narrowband illumination, and
Ė (L, f , t ) (Section 1.3.4) is considered as a result of wave interference for
a bistatic radar. This result is defined by (1.20), where one can assume
U (t − Dt ) ≈ U (t ) for narrowband illumination. We assume here that the
target elements are not resolved in angle since antenna dimensions are limited,
and hence the phase front of the received wave can be regarded as flat in
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the antenna vicinity. The unit vector U0 of the partial phase gradient, being
orthogonal to this phase front, defines the direction of wave arrival and
characterizes the apparent direction of the target. The unit vector U0, plotted
from the receiving position of a bistatic radar ‘‘in the target direction’’ [Figure
6.3(a)], is defined by

U0 = U0(L, f , t ) =
∂x (L, f , t )

∂L ⁄ | ∂x (L, f , t )
∂L | (6.5)

Equation (6.5) will be used mainly in the case of monostatic radar,
where U0(L, f , t ) calculated for L → 0 shows the target apparent direction.
The difference vector U0(0, f , t ) − R0(t ) describes the absolute value and
the components of angular glint in azimuthal and elevation planes. The
absolute value Du (t ) of small angular glint [Figure 6.3(b)] is equal approxi-
mately to the absolute value of this difference vector

Du (t ) ≈ |U0(0, f , t ) − R0(t ) | (6.6)

The azimuth glint Db (t ) and the elevation glint De (t ) can be found
approximately as the components of vector U0(0, f , t ) − R0(t ).

Group Delay. The group delay concept permits us to calculate and clarify
the range glint for narrowband signals. The transmitter-target-receiver propa-

Figure 6.3 Clarification of angular glint evaluation: (a) disagreement between the vectors
U0 and R0 of apparent and actual directions; and (b) formation of angular glint.
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gation path can be considered as a linear four-terminal network. For a very
narrowband signal, its phase-frequency response (Figure 6.4) is linear

argK ( f + F ) = argK ( f ) + Fd [argK ( f )]/df (6.7)

and its amplitude-frequency response is constant.
According to the rules of trigonometry, each sinusoidal component of

a narrowband signal can be presented as Ak cos[2p ( f + Fk )t + x k ] =
Ak cos(2p ft ) cos(2pFk t + x k ) − Ak sin(2p ft ) sin(2pFk t + x k ). Super-
position of such components k = 1, 2, . . . can be presented in the form

A (t ) cos(2p ft ) − B (t ) sin(2p ft ) = C (t ) cos[2p ft + x (t )]

where

A (t ) = ∑
k

Ak cos(2pFk t + x k ), B (t ) = ∑
k

Ak sin(2pFk t + x k ) (6.8)

C (t ) = √A2(t ) + B2(t ), x (t ) = atan[B (t )/A (t )]

Each of the input signal components Ak cos[2p ( f + Fk )t + x k ] at the
output of a linear four-terminal network, after obtaining phase delays (6.7),
takes the appearance

Ak cosH2p ft − argK ( f ) + x k + 2pFkFt −
1

2p
d argK ( f )

df GJ

Figure 6.4 Clarification of the conditions for introducing the group delay concept.
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Superposition of the output components can be presented in the form

A (t − t gr) cos[2p ft − argK ( f )] − B (t − t gr) sin[2p ft − argK ( f )]

= C (t − t gr) cos[2p ft + x (t − t gr) − argK ( f )] (6.9)

Here, A (t ), B (t ), C (t ), and x (t ) are the time functions defined by (6.8).
The t gr, named the group delay, is a delay of the signal complex

envelope C (t ) exp[ jx (t )]. It is proportional to the derivative of the argument
argK ( f ) of complex amplitude-frequency response of the propagation path

t gr =
1

2p
d

df
argK ( f ) (6.10)

It is significant that the complex envelope (6.9) of the delayed signal
is not distorted with narrowband illumination. Inversely, the resolution of
target elements arising with wideband illumination can be considered here
as a specific kind of distortion of the input signal.

Range Glint. Range glint in narrowband illumination is a simple consequence
of the corresponding group delay glint Dt gr caused by the interference effects
of backscattering. Range glint DR (t ) is defined by

DR (t ) =
c
2

Dt gr(t ) =
c

4p
∂

∂f
argĖ (L, f , t ) − |R(t ) | (6.11)

The minuend of the right-hand part of (6.11) describes the apparent
target range R a(t ); R(t ) is the radius vector plotted from the origin of the
radar coordinate system to the origin of the target system, which is assumed
to be near to the target geometrical center.

Spatial Glint. Spatial glint with narrowband illumination is defined approxi-
mately as a sum of vectors

a(t ) ≈
c
2

Dt gr(t )U0(0, f , t ) + R a(t )[U0(0, f , t ) − R0(t )] (6.12)

The first term accounts for the glint (6.11) in the apparent radial
direction, and the second term accounts for the glint (6.12) in the apparent
transverse direction. Each of two apparent displacements and the whole one
|a(t ) | often exceed the target dimensions.
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Doppler Glint. Doppler glint is caused by translational and rotational target
motion. It is defined by the partial time derivative of the backscattered signal
argument

DFD =
1

2p
∂x (0, f , t )

∂t
− FD0(t ) (6.13)

The minuend of the right-hand part of (6.13) describes the apparent
doppler frequency FD(t ). The subtrahend FD0(t ) is the doppler frequency
of a point backscatterer having no doppler glint.

6.2.2 Examples of the Theoretical Analysis of Glint for Two-Element
Target Model

The target model (Figure 6.5) observed with a monostatic radar consists of
two unresolved point elements backscattering independently with RCS s1,2,
respectively. Positions of the point elements of the model relative to the
origin O tg of the local coordinate system are described by the relatively small
vectors 7d/2. We also will use the bistatic radar coordinate system, whose
origin O rad coincides with the transmitting position. Receiving position is
described in this system by vector L, where for monostatic radar L → 0.
The origin O tg of target coordinate system is described in the radar one by
the vector R = R(t ) = R (t )R0(t ), where R0(t ) is the unit vector.

Angular Glint Evaluation. This will be carried out using (6.5). The equation
includes the phase dependence in a bistatic radar x (L, f , t ), where L is the

Figure 6.5 Geometry for evaluation of angular and spatial glint for the two-element model
of the target.
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vector plotted between transmitting and receiving positions. In the case of
monostatic radar, we can assume that L → 0, but only in the final equations.
According to (1.20), a sinusoidal signal Ė (L, f , t ) backscattered from the
target model (up to a constant multiplier) can be presented in trigonometrical
form, which can be transformed by analogy with (6.8):

E (L, f , t ) = Re[Ė (L, f , t ) exp( j2p ft )]

= √s1 cos[2p f (t − Dt1) + √s2 cos[2p f (t − Dt2)] (6.14)

= A (L) cos(2p ft ) + B (L) sin(2p ft )

Here, A (L) = √s1 cos(2p fDt1) + √s2 cos(2p fDt2) and B (L) =

√s1 sin(2p fDt1) + √s2 sin(2p fDt2) are the amplitudes of total quadrature
components of the signal; and Dt1,2 are the delays of partial signals backscat-
tered by the first and second target model elements displaced from the target
model center by 7d/2. Each of them is composed of the delay on the direct
path |R 7 d/2 | and the delay on the back path |R − L 7 d/2 |. So,

Dt1,2(L) = [ |R 7 d/2 | + |R − L 7 d/2 | ]/c (6.15)

Since |L | << |R 7 d/2 |, let us use an approximation

|S − DS | ≈ |S | − DSTS0 (6.16)

where S0 = S/|S | is a unit vector. Approximation (6.16) is correct for an
arbitrary vector DS with relatively small modulus |DS | << |S | and can be
easily affirmed geometrically or in coordinate form. Using the approximation
(6.16), we obtain

Dt1,2(L) ≈ [2 |R 7 d/2 | − LT(R 7 d/2)0]/c (6.17)

The phase distribution of a backscattered wave in the vicinity of a
monostatic radar L → 0 is defined by the function x (L, f , t ) = atan[B (L)/
A (L)]. Its partial gradient

∂x (L, f , t )
∂L |

L=0

=
∂

∂L
atan

B (L)
A (L) |

L=0

(6.18)

=
A (0)[dB (0)/dL] − B (0)[dA (0)/dL]

A2(0) + B2(0)
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defines the apparent direction of wave arrival. To calculate the derivatives
contained in (6.18), let us find first the derivatives (gradients) of vector L
of (6.17) under the condition of |d | << |R |. They are

∂Dt1,2(0)
∂L

= −
R 7 d/2

c |R 7 d/2 | ≈ −
R 7 d/2

c ( |R | 7 dTR0/2)
(6.19)

≈
1
c FR0S1 ±

dTR0

2 |R | D 7
d

2 |R |G
Using (6.19), we find the necessary derivatives (gradients)

dB (0)
dL

=
2p
l HR0FA (0) +

dTR0

2 |R | A1(0)G −
d

2 |R | A1(0)J (6.20)

dA (0)
dL

= −
2p
l HR0FB (0) +

dTR0

2 |R | B1(0)G −
d

2 |R | B1(0)J
where A1(0) = √s1 cos(2p fDt1) − √s2 cos(2p fDt2) and B1(0) =

√s1 sin(2p fDt1) − √s2 sin(2p fDt2). Substituting the expressions (6.20)
with given values of A (0), B (0), A1(0), and B1(0) into (6.18), we obtain
after trigonometric transformations of the partial gradient of function
x (L, f , t ) and of its unit vector (6.5):

U0 ≈ R0 +
s2 − s1

2s |R | [d − (dTR0)R0] (6.21)

where s is the total target RCS

s = s1 + s2 + 2√s1s2 cosS4p
l

dTR0D (6.22)

From (6.21) one can evaluate the angular glint vector

U0 − R0 =
s2 − s1

2s |R | [d − (dTR0)R0] =
s2 − s1

2s |R | dtrans (6.23)

where dtrans is the transversal component of vector d, which is normal to
vector R0.
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The calculation method presented above for angular glint will be used
for other glints except that the partial derivatives with respect to frequency
f or time t will replace the partial derivative with respect to vector L.

Range Glint Evaluation. The apparent range entered into (6.11) was defined
through the partial frequency derivative of the phase distribution function
x (0, f , t ) = atan[B (0)/A (0)] of the arbitrary nonsinusoidal signal. The partial
frequency derivative ∂x /∂f is determined by an equation analogous to (6.18),
but the partial derivatives with respect to variable L are replaced here by the
partial derivatives with respect to frequency f . Using the values (6.15) for
L → 0 and approximation (6.16), we obtain

∂B (0)
∂f

≈
4p
c

|R |FA (0) −
dTR0

2 |R | A1(0)G, (6.24)

∂A (0)
∂f

≈ −
4p
c

|R |FB (0) −
dTR0

2 |R | B1(0)G
According to (6.11), the range glint is defined by the scalar value dTR0

of the radial component of vector d:

DR (t ) ≈
s2 − s1

2s
dTR0 (6.25)

Spatial Glint Evaluation and Discussion. In accordance with (6.12), (6.23),
and (6.25), the spatial glint is determined by

a ≈
s2 − s1

2s
d (6.26)

Target apparent position is situated according to (6.26) on the
direct line connecting the target elements. Glint is absent (a = 0) if
s2 = s1 and s ≠ 0. If s2 >> s1 or s2 << s1, the apparent target position
coincides with the most intense of the target elements. If the values s2
and s1 are near to each other, the RCS s can achieve its minimum
value (√s2 − √s1)2. The glint achieves then its maximum value
a = (√s2 + √s1)d/(√s2 − √s1), which can be much greater than the
distance of a target’s elements from its center. Both the spatial glint a and
RCS s depend on the angle u between the vectors d and R0. Examples of
dependencies of the spatial glint on angle u (solid lines) and analogous
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dependencies of RCS (dotted line) are shown in Figure 6.6 for the ratios
of s1 /s2 equal to 1.1 [Figure 6.6(a)] and 2.0 [Figure 6.6(b)] and the ratio
|d | /l = 1. Both the RCS s and space glint |a | are presented in logarithmic
scale. For the convenience of demonstration, the dependencies of Figure 6.6
correspond to the meter waveband.

Doppler Frequency Glint Evaluation and Discussion. Entered into (6.13),
apparent doppler frequency was defined through the partial time derivative
of the phase distribution function x (0, f , t ) = atan[B (0)/A (0)]. Under the
condition of uniform translational target motion, let us substitute the value
R(t ) = R − vt for R. The partial derivative ∂x /∂t is defined again by the
equation analogous to (6.18), but partial derivatives with respect to variable
L are replaced by the partial derivatives with respect to time t , expressed
through the derivatives of delays with respect to t :

∂Dt1,2(0)
∂t

=
∂Dt1,2(0)

∂R
d R
dt

=
2(R 7 d/2)Tv

c |R 7 d/2 | (6.27)

≈
2
c FR0S1 ±

dTR0

2 |R | D 7
d

2 |R |G
T

v

Computing as before the partial derivatives ∂A (0)/∂t and ∂B (0)/∂t ,
substituting them into the equation analogous to (6.18), and using (6.13),
one obtains

Figure 6.6 Dependencies of value of spatial glint |a | (solid lines) and of RCS (dotted lines)
in logarithmic scale for the two-element target for the ratios of s 1 /s 2 equal
to (a) 1.1 and (b) 2.0, and the ratio |d | /l = 1.
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DFD ≈
s2 − s1

s |R |
dT

transv

l
=

2
l

(U0 − R0)Tv

This equation shows that the doppler glint is connected with angular
glint (6.23) and is caused by the transversal component of the target velocity.

6.2.3 Possible Simplification of Angular Glint Simulation for Real
Targets and Optimal Radar

Equation (6.23) defines the angular glint only for the two-element target
model. To simulate the angular glint for the complex targets, one can use
the relation (6.5), where the increment d L → 0 of only the receiving position
is included.

If such increment is not provided by the simulation program, one can
consider the small increments d R of the transmitting-receiving position. Let
us consider the signal delay corresponding to i th bright point Dt i =
[ |Ri | + |Ri − L | ]/c , where Ri = R + r i is its radius-vector in the radar
coordinate system, R is the radius-vector of the origin of the target coordinate
system in the radar system, and r i is the radius-vector of i th bright point
in the target coordinate system. Let us compare the derivatives of the delay
Dt i as the functions of L and of R for L → 0:

dDt i
d L |

L→0

= −
|Ri |

c
= −

1
2

dDt i
d R |

L→0

Using the result of this comparison, let us change the derivative of
phase front function x (L, f , t ) = arg Ė (L, f , t ) entered into (6.5) for
L → 0:

dx
d L

= ∑
i

∂x
∂Dt i

dDt i
d L

= −
1
2∑

i

∂x
∂Dt i

dDt i
d R

= −
1
2

dx
d R

(6.28)

We see that a displacement of receiving position by a small vector d L
can be replaced by the halved displacement of transmitting-receiving position
d R = −d L/2.

As it was explained with Figure 6.3(b) above, the glint Db is defined
by the vector U0 − R0. This vector is collinear to the unit vector R0

transv
transversal to R0 and is equal to DbR0

transv, so that DbR0
transv = U0 − R0,

Db (R0
transv)TR0

transv = (R0
transv)T(U0 − R0) or Db = (R0

transv)TU0.
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Using (6.5) and (6.28), we obtain

Db = (R0
transv)T dx

d R ⁄ | dx
d R | (6.29)

where the vector derivative of x (gradient x ) is

dx
d R

=
∂x
∂R

R0 +
∂x

∂R transv
R0

transv =
∂x
∂R

R0 +
1
R

∂x
∂b

R0
transv (6.30)

The simulation program allows estimating the reflected signal phase
x = x (b ) via target azimuth b , so that partial derivative ∂x /∂b can be
found from simulation. The partial derivative ∂x /∂R = ∂[4pR /l + const]/
∂R = 4p /l >> R −1∂x /∂b . From (6.29) and (6.30), we obtain

RDb =
l

4p
∂x /∂b

√1 + (l /4pR )2(∂x /∂b )2
≈

l
4p

∂x /∂b (6.31)

The last approximation is correct outside the Fresnel zone. In this case
the azimuth derivative ∂x /∂b can be replaced by the aspect derivative
∂x /∂c , which can simply be simulated.

6.2.4 Simulation Examples for Real Targets and Radar

Target angular glint can be considered both for sequential scan type and
monopulse type angle measurements, as well as for single and integrated
measurements in view of target motion and noise. But simulation examples
are given below for a single measurement without thermal noise, 10-cm
wavelength, 6m receiving aperture width, 10-km (about 5.4 miles) target
range, 0° to 20° aspect angle sector, and high pulse repetition frequency.
The reception using a four-element antenna was simulated.

Examples of simulated envelopes of pulse trains for angle measurement
of the sequential scan type with large radar-target contact time are shown
in Figure 6.7. Figure 6.7(a) corresponds to the ALCM missile, and Figure
6.7(b) corresponds to the AH-64 helicopter. It is seen how the fluctuations
of the pulse train interfere with the sequential scan type measurement.

Examples of simulated angular error pdf are shown in Figure 6.8 for
Tu-16 and An-26 aircraft, AH-64 helicopter, and ALCM missile. Figure
6.8(a) corresponds to sequential scan type measurement, and Figure 6.8(b)
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Figure 6.7 Simulated envelopes of the pulse trains for (a) ALCM missile and (b) AH-64
helicopter determining the errors in the angle measurement of the sequential
scan type.

corresponds to monopulse. The scale of transverse range introduced in the
last case generalizes the simulation’s results.

Examples of simulated pdf of range error are shown in Figure 6.9 for
enumerated targets and their illumination by the simple rectangular pulse
of 1 m s duration. The result can be generalized on various simple pulse
form and duration.

The shape of given curves is influenced by the following factors: method
of coordinate measurement, target effective dimensions and engine place-
ment, parameters of turbine or propeller modulation, and pulse repetition
frequency.

6.3 Some Aspects of the Wideband Signal Use in
Detection and Tracking

Wideband signals can be used not only in recognition, but also in detection
and tracking. It has long been known that such signals can improve capabili-
ties of detection and tracking under conditions of clutter and jamming [21].
However, there is sometimes reluctance to exploit these advantages due
to the complication of signal processing, aggravation of electromagnetic
compatibility, decrease in radar range, and accuracy of tracking of multi-
element targets in some scattered instances.
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Figure 6.8 Simulated pdf of angular and cross-range errors for (a) sequential scan–type
and (b) monotype measurements for various targets at a range of 5 km.

Figure 6.9 Simulated pdf of range measurement error for various targets with an NB
signal of 1-MHz bandwidth.
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Nowadays, the progress in digital processing allows us to consider
seriously the use of wideband detection and tracking of targets. The electro-
magnetic compatibility problems must be thoroughly considered in each
special case. It is not evident that narrowband signals with the great spectral
density of illumination should always be preferred to wideband signals with
small spectral density. Time selection can supplement frequency not only
in narrowband systems, but in wideband systems too.

According to the results of simulation, a definite increase in signal
bandwidth can increase (not decrease) the target detection probabilities (Sec-
tion 6.3.1) and decrease (not increase) the glint effects in measurement
(Section 6.3.2) and tracking (Section 6.3.3).

6.3.1 Simulation of Target Detection with Wideband Signals

Statement of the Simulation Problem. Three variants of detection were
considered: narrowband detection, wideband cumulative detection, and
wideband detection with noncoherent integration using the ‘‘log-scale’’
scheme. The variant of wideband cumulative detection corresponds to the
absence of any scheme of noncoherent integration within the RP. The target
is detected if at least one of N elements of its RP is above the detection
threshold. Probability of detection D for this case can be expressed with
unequal probability Dn of detection of various target elements as

D = 1 − PN
n=1

(1 − Dn ).

The introduction of special schemes for noncoherent integration is, in
principle, a complex enough task. It would be desirable to take into account
the variety of target types, their aspect sectors, and their specific orientation
within the sector. Since accounting for all these factors is hardly possible, a
simplified detection scheme was chosen, which we called the ‘‘log-scale’’
one. The RP variants were approximated by rectangles, and the range extent
of these rectangles was as varied as the product of the range resolution and
the powers of a definite number, particularly by the powers 2m, m = 0, . . . ,
M . After noncoherent signal integration in M + 1 channels, obtained in
such a manner, the outputs of these channels were compared with unequal
thresholds, which were set in order to make false alarm rates equal for all
the channels. Having been compared with the thresholds, the outputs were
subjected to logical processing by the criterion ‘‘one from M + 1’’ (Figure
6.10). The ‘‘log-scale’’ scheme with six channels was chosen for simulation,
and the false alarm rate in each channel was set to F0 = 10−4, so that the
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Figure 6.10 The ‘‘log-scale’’ scheme for the WB signal detection.

simulated false alarm rate at the output of the logical unit constituted
F = 5.7 ? 10−4 ≈ 6 × 10−4.

Simulation Results and Discussion. Figure 6.11 shows the simulated detect-
ability factors for the Tu-16 aircraft corresponding to the variants of detection
listed above for the equal false alarm rate of illustrative level F = 5.7 × 10−4

per resolution element. The wavelength was l = 5 cm. In the whole the
range gate of 96 elements was processed. Three thousand realizations of
‘‘signal plus noise’’ were used for evaluation of each point of the curves.
These realizations corresponded to target nose-on course aspects from 0° to

Figure 6.11 Detectability factors simulated for Tu-16 aircraft using NB and WB
illumination for the ‘‘log-scale’’ and cumulative detection schemes.
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20°, to target roll aspects from −5° to 5°, and to target pitch aspects from
−1° to 9°. Wideband and narrowband detection was simulated using chirp
deviations of 80 MHz and 1 MHz, respectively. There is a gain in signal-
to-noise ratio when the target is detected with a high detectability factor
using a wideband signal instead of a narrowband signal. It can be seen from
Figure 6.11 that if detection probability is D = 0.85, this gain is about 4
dB for cumulative detection and 5 dB for the ‘‘log-scale’’ detection scheme.

6.3.2 Simulation of Target Range Glint in a Single Wideband
Measurement

Range resolution of the target elements reduces the range glint, which will
be determined by the RPs. If the signal is intense enough, then angular glint
will be reduced too, if the angular measurements are performed for several
range cells and their results are averaged. The results for the range glint
simulation are given below.

Statement of the Range Glint Simulation Problem. Range measurement for
the Tu-16 aircraft was simulated using a narrowband chirp signal of 1 MHz
and a wideband chirp signal of 80 MHz deviation. In the latter case, the
range was measured by (1) maximum sample of the RP and (2) median
sample of the RP. Measured values of range were then compared to actual
values set in the model in order to compute the range measurement error.
The test measurements were carried out 500 times for various conditions.
As a result, the pdf of range measurement error was estimated.

Results of the Range Glint Simulation and Discussion. Figure 6.12 shows the
simulated pdf of range shift of the target effective center of scattering (range
glint) for the 1-MHz narrowband signal (curve 1), and for the 80-MHz
wideband signal with range measurement by the maximum RP sample (curve
2), and by the median RP sample (curve 3). It can be seen that the largest
dispersion of range estimates between their edge values is for the narrowband
measurement. For the wideband signal, it decreases even if the range is
measured using the RP sample with maximum amplitude. This dispersion
is of the lowest magnitude if the wideband range measurement is performed
using the median sample of RP.

The glint errors can be compared with the thermal noise errors. The
potential root-mean-square range error due to noise was evaluated as s range =
cs time /2, where c is the light velocity in free space. The value of time error
s time was calculated by the Woodward formulae s time = 1/b√2E /N0 [20].
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Figure 6.12 The pdf of range glint simulated for Tu-16 aircraft illuminated by the 1-MHz
NB (curve 1), the 80-MHz WB signal for evaluation of the maximum (curve
2), and the median (curve 3) sample of the RP.

Here, b is the bandwidth, and E /N0 is the energy signal-to-noise ratio. For
the ratio equal to 15 dB or E /N0 ≈ 31, the potential error due to noise is
about 19m for the signal bandwidth of 1 MHz and about 0.24m for the
signal bandwidth of 80 MHz.

6.3.3 Simulation of Target Range Glint in Wideband Tracking

The choice of the tracking system is not very significant in our case. We
used the simple discrete tracking system without the exponential smoothing
synthesized on the basis of the model of movement of the material point with
ideally constant radial velocity. After obtaining the current range estimates r̂ k
(k = 0, 1, . . . , N − 1) with errors of the stationary noise type, the tracking
system computes more precise estimates of range R̂ k+1 for their numbers
k = 0, . . . , N − 1 and of radial velocity V̂k+1 for the numbers k = 1, . . . ,
N − 1

|| R̂ k+1

V̂k+1 || = || R̂ k + V̂kT
V̂k || + ||2(2k + 1)/(k + 1)(k + 2)

6/(k + 1)(k + 2)T || (r̂ k+1 − R̂ k − V̂kT )

(6.32)

From here, one can find: (1) for k = 0, that R̂1 = r̂1; (2) for k = 1,
that R̂2 = r̂2 and V̂2 = (r̂2 − r̂1)/T ; (3) for k = 2, that R̂3 = R̂2 + V̂2T +
5
6

(r̂3 − R̂2 − V̂2T ) and V̂3 = V̂2 +
1

2T
(r̂3 − R̂2 − V̂2T ), etc.
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Statement of the Simulation Problem. The tracking system was provided with
N = 20 simulated current range estimates r̂ k of the Tu-16 aircraft. The
aircraft was piloted along the line-of-sight with a velocity of 150 m/s under
conditions of clear weather turbulence. The atmosphere turbulence led to
angle yaws of the aircraft with standard deviation of about 1.5°. At the
output of the tracking system, the smoothed estimates of range R̂ k and velocity
V̂k of target were obtained. The errors in range and velocity measurements for
each flight path were calculated comparing these smoothed estimates with
the actual range and velocity. The errors were simulated for a radar operated
at l = 5 cm with signals of 1- and 80-MHz bandwidth and averaged for
40 various flight paths. Simulation was carried out without introducing the
receiver thermal noise.

Simulation Results and Their Discussion. Figure 6.13 shows the error standard
deviations in narrowband and wideband range measurements for the tracking
algorithm (6.29) calculated for the case of noise absence. It can be seen that
the range measurement error for the wideband signal is much lower than
for the narrowband signal.

Figure 6.13 Standard deviations of the range errors at the output of tracking system
simulated for Tu-16 aircraft using NB (1 MHz) and WB (80 MHz) target
illumination.
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7
Some Expansions of the Scattering
Simulation

Expanding on the issues considered in previous chapters, we discuss here
the scattering of radio waves by targets (1) with imperfectly conducting
surfaces having absorbing coating, especially; and (2) in bistatic radar as
outlined in Section 1.3.

We consider in this chapter an approximate scattering analysis at high
frequencies using an augmented variant of physical optics. The augmentation
consists of including both perfectly and imperfectly conducting surfaces.
The boundary between the light and shadow zones is called the terminator.
As usual, in physical optics approximations [1–6], the terminator is supposed
to be sharp, and unlike [7] the half-shadow (penumbra) zone is not accounted
for. But the shadow radiation [5, 6] is included in the concept of physical
optics as necessary for approximate consideration of bistatic systems.

The geometric model of bistatic scattering is shown in Figure 7.1(a).
The distance from the radar transmitter to the origin of the target coordinate
system is denoted by R , and the distance from this origin to the radar receiver
is denoted by r. The angle a between the directions from target to transmitter
and receiver is known as the bistatic angle. Only acute bistatic angles and
angles near to 180° will be considered. The lines (surfaces) of constant range
sum R + r are shown in Figure 7.1(b). They are ellipses (ellipsoids) with
transmitter and receiver as their focuses. The normal to each ellipse (ellipsoid)
is the bisector of the bistatic angle. The sum of unit vectors R0 + (−r0) =
R0 − r0 is directed along this bisector, being the gradient of the range sum.

241
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Figure 7.1 Geometric model of (a) bistatic scattering and (b) ellipses of constant range
sum.

For large R and r the part of the ellipsoid surface near the target can be
regarded as a plane of constant range sum.

In this chapter the physical optics approximation is carried out without
separating the target’s simplest (specular, bright) components. The latter
procedure simplified all the calculations of previous chapters and eased the
accounting for the target’s motion and the signal’s rotational modulation.
As with other high frequency approximations, this separation is not the most
precise of possible approximations. The separation would be exact if secondary
radiation of all Fresnel zones neighboring the bright element were compen-
sated completely. Incomplete compensation observed at low frequencies leads
to errors. We do not claim that the methods used in Chapter 7 will always
provide better results if the frequency is decreased significantly. On the
contrary, the method of bright elements can simplify the accounting for
rereflections, although they can be accounted for also by stricter methods
[8]. The method of specular elements is also used below. We suggest in
Section 7.1.7 that the majority of methods considered in this chapter is best
applied in a definite frequency domain.

In Section 7.1 the scattering effects for stationary (monochromatic)
illumination of targets will be considered. In Section 7.2 we consider the
nonstationary case and introduce and clarify the high frequency impulse
response (HFIR) and unit step response (HFUSR) of targets.

7.1 Scattering Effects for Stationary (Monochromatic)
Illumination of Targets

The aim of this section is to describe some effective methods of calculating
RCS for the targets and their parts with perfectly and imperfectly conducting
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surfaces observed by monostatic and bistatic radar. In Sections 7.1.1 through
7.1.6 we consider targets both uncovered and covered with absorber, and
which are large in comparison with wavelength. Approximate asymptotic
methods of physical optics are used here. In Section 7.1.7 we consider the
parts of targets with discontinuities covered by absorbers, and methods of
physical optics are combined with the methods of eigenfunctions.

7.1.1 Expressions of Scattered Field for Targets with Perfectly
Conducting Surfaces

The problem of scattering will be divided artificially into inducing currents
on the perfectly conducting surface of a target and radiation of the surface
currents, which can be considered then as extraneous. The target is supposed
to be:

• Approximated by a smooth closed convex surface S (r ), where
r = || r1, r2, r3 ||T is the radius vector of a point of the surface;

• Illuminated by the plane sinusoidal wave with intensities of magnetic
Htg and electric Etg fields in its surrounding, so that

Htg(r ) = H0 exp(−jk ((R0)Tr + R )), Etg(r ) = √m0
e0

Htg(r ) × R0

(7.1)

Here, H0 = Htg(0) is the value of Htg(r ) for r = 0, k = 2p f /c is the
wave number in free space, R0 is the unit vector in the propagation direction,
R is the distance between the illumination source and origin O tg of the
coordinate system associated with the target, m0 and e0 are the permeability

and permittivity of free space, and √m0
e0

= Z0 is its wave impedance. In

the classical approximation of physical optics, the surface currents are exited
on the illuminated side of a target only (Figure 7.1). In this approximation
the target can be divided into elements with dimensions that are large
compared to wavelength l . The illumination causes wave reflection and
surface current with the density K = 2n × Htg = n × 2Htg, where n = n(r )
is the unit vector of an internal normal to S. This solves the first part of
our problem.

In the second part of the problem we abstract ourselves from the first
part. The doubled field Hextr = 2Htg and corresponding surface density of
current K ≈ 2n × Htg we consider as extraneous sources of radiation
Hextr ≈ 2Htg and Kextr ≈ n × Hextr. Starting from the known equation of
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radiation from an elementary dipole in the far zone, we obtain the field at
the remote reception point at distance r from the target in the propagation
direction r0:

Hrec ≈ jk
exp(−jkr )

4p r E
S

[Kextr × r0] exp(−jk ((r0)Tr ))dS (7.2)

Erec = √m0
e0

Hrec × r0

where Kextr ≈ 2(n × Htg) for the ‘‘illuminated’’ part S1 of target surface. It
is assumed for small bistatic angles that Kextr ≈ 0 for the nonilluminated
part of the target surface. But it will be shown in Section 7.1.7 that for large
bistatic angles, especially those approaching 180°, one has to account in
calculations for the so-called ‘‘shadow radiation.’’

7.1.2 Expressions of Scattered Field for Targets with Imperfectly
Conducting Surfaces

Duality of the Solutions of Maxwell’s Equations. Let us consider Maxwell’s
equations for the media without sources of electromagnetic field:

= × E = −∂ (m rm0H)/∂t , = × H = ∂ (e re0E)/∂t (7.3)

where m r is the relative permeability of media, m0 is the absolute permeability
of free space, e r is relative permittivity of media, and e0 is absolute permittivity
of free space. If we replace the E, H, m r, m0, e r, e0 by −H, E, e r, e0, m r,
m0 correspondingly, the first and the second of these equations will become
the second and first equations, respectively [3].

It means that such a replacement in one of the solutions (7.2) of
Maxwell’s equations leads to another solution

Erec ≈ jk
exp(−jkr )

4p r E
S

[(n × Eextr) × r0] exp(−jk ((r0)Tr )dS , (7.4)

Hrec = −√e0
m0

Erec × r0

where √e0
m0

= Y0 is the wave admittance of free space.
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Scattered Fields for Targets with Imperfectly Conducting Surfaces. Owing to
the linearity of Maxwell equations (7.4), the superposition of solutions also
satisfies them. Therefore, one can use also the superposition of solutions
(7.2) and (7.4):

Hrec ≈ jk
exp(−jkr )

4p r E
S

[ J(n, r0) × r0] exp(−jk ((r0)Tr )dS , (7.5)

Erec = √m0
e0

Hrec × r0

where J(n, r0) is known as the Huygens elementary radiator [3, 4], which
replaces the density of extraneous currents Kextr = n × Hextr in (7.2)

J(n, r0) = n × Hextr − √e0
m0

[n × Eextr] × r0 (7.6)

Equations (7.5) and (7.6) will be applied below to the solutions of
scattering problems, mostly in the classical approximation of physical optics.
Using the result (7.5) in this approximation we suppose that J(n, r0) ≠ 0
for the ‘‘illuminated’’ part S1 of the target surface and J(n, r0) ≈ 0 for its
‘‘nonilluminated’’ part. To obtain examples of sources n × Hextr and
n × Eextr causing radiation, let us consider the propagation of plane waves
in parallel layers [1] of uniform and isotropic media including absorbing
layers.

7.1.3 The Plane Waves in Parallel Uniform Isotropic Infinite Layers

The Case of Two Layers. This case corresponds to the straight-line propaga-
tion of the incident wave in dielectric media, its specular reflection from
the interface between the layers, and refraction through interface. Figure
7.2(a) corresponds to an E field polarized perpendicularly to the plane of
incidence; Figure 7.2(b) corresponds to an E field polarized in parallel to
this plane. In both cases the angles of reflection are equal to those of incidence
u ⊥ = u || = u1, and the angles of refraction u2 and of incidence u1 are related
according to the Snell’s law

sinu2 = ṅ sinu1, ṅ = √ṁ1ė1 / ṁ2ė2 (7.7)
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Figure 7.2 Reflection and refraction at an interface of two infinite dielectric layers for
two polarizations of an E field: (a) perpendicular to the plane of incidence,
and (b) parallel to it.

where ṁ1, ṁ2, ė1, ė2 are the complex relative permeabilities and permittivi-
ties of layers; their imaginary parts account for energy absorption.

The boundary conditions are the equality of the tangential components
of the resulting E and H fields at the interface. Under the assumption of
unit field intensity |E1 | = 1 of the incident wave, the boundary conditions
for these cases (Figure 7.2) have the form

(a) 1 + Ṙ ⊥ = Ṙ ⊥refr

√ ė1e0
ṁ1m0

(1 − Ṙ ⊥) cosu1 = √ ė2e0
ṁ2m0

Ṙ ⊥refr cosu2

(b) (1 + Ṙ ||) cosu1 = Ṙ ||refr cosu2 (7.8)

√ ė1e0
ṁ1m0

(1 − Ṙ ||) = √ ė2e0
ṁ2m0

Ṙ ⊥refr

where Ṙ ⊥, Ṙ ⊥refr and Ṙ ||, Ṙ ||refr are the complex coefficients of reflection
and refraction for the two polarizations of the field E. Complex Fresnel
coefficients of reflection Ṙ ⊥ and Ṙ || can be found from (7.8) using (7.7):
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Ṙ ⊥ = (ḣ ⊥ cosu1 − √1 − ṅ2 sin2u1)/(ḣ ⊥ cosu1 + √1 − ṅ2 sin2u1)
(7.9)

Ṙ || = −(ḣ || cosu1 − √1 − ṅ2 sin2u1)/(ḣ || cosu1 + √1 − ṅ2 sin2u1)
(7.10)

where ḣ ⊥ = √ṁ2ė1 / ṁ1ė2, and ḣ || = √ṁ1ė2 / ṁ2ė1.

The Case of Two Layers, of Air and Conductor ( ṁ 1 = 1, ė 1 = 1, ė 2 = e 2′ −
j60ls ). It appears frequently in idealized form where the admittance
s → ∞, so that Ṙ ⊥ = Ṙ || = −1. The whole density of the surface electric
current n × H = 2n × H1 corresponds then to the double tangential projection
of magnetic field H1 onto interface. The so-called density of ‘‘magnetic’’
current is equal to zero, n × E = 0, for the idealized case (s → ∞,
Ṙ ⊥ = Ṙ || = −1), and it is not equal to zero, n × E ≠ 0, for some real cases.
The larger the value of s , the smaller the depth of penetration d of the
field in conductor (skin depth).

The Case of (N + 1) Layers. Using the ray description (Figure 7.3), Snell’s
law (7.7), and the well-known equation e ±ja = cosa ± j sina , we consider
the electric and magnetic fields in the n th layer tangential to the interfaces
as the superposition of traveling waves or of standing waves in more general
form than in [1]:

Figure 7.3 Reflection and refraction of waves at interfaces of several infinite dielectric
layers (After: [1, Figure 8.4]).
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|| En (xn )
Hn (xn ) || = || Ane −ja n + Bne ja n

Yn (Ane −ja n − Bne ja n ) ||
= || (An + Bn ) cosan − (An − Bn ) j sinan

− (An + Bn ) jYn sinan + (An − Bn )Yn cosan || (7.11)

where xn is the coordinate 0 ≤ xn ≤ dn measured from the beginning of the
n th layer in the direction normal to the interfaces, An and Bn are the
amplitudes of the traveling waves in layer n (n = 2, 3, . . . , N ),
an = knxn cosun is the phase delay, and Yn is the wave admittance of the
layer. For the first n = 0 and the last n = (N + 1) layers the amplitudes of
traveling waves are considered only at the interfaces x1 = xN+1 = 0, so that
a1 = aN+1 = 0. The wave admittance is Yn = Yn⊥ = Yn0 cosun for the E
field polarized perpendicularly to the plane of wave incidence and Yn =
Yn || = Yn0 /cosun for the E field polarized in parallel to the plane of incidence.
Here, Yn0 = √ene0 /mnm0 is the wave admittance of the layer’s medium.

Using (7.11), we introduce the matrices of the field transformation

D(an , Yn ) = || cosan −j sinan

−jYn sinan Yn cosan || (7.12)

and obtain initial equations describing the field transformation by the n th
media layer:

|| En (dn )
Hn (dn ) || = D(kndn cosun , Yn ) ||An + Bn

An − Bn || , (7.13)

|| En (0)
Hn (0) || = D(0, Yn ) ||An + Bn

An − Bn ||
Using (7.13) and the boundary conditions on the interface En (0) =

En−1(dn−1), Hn (0) = Hn−1(dn−1), we obtain the resultant equation of the
field transformation by the n th layer

|| En (dn )
Hn (dn ) || = F(kndn cosun , Yn ) || En−1 (dn−1 )

Hn−1 (dn−1 ) || (7.14)

where F(kndn cosun , Yn ) = D(kndn cosun , Yn )D−1(0, Yn ) or in a more
general form
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F(a , Y ) = || cosa −jY −1 sina

−jY sina cosa || (7.15)

Using (7.14) for the layers n = N, N − 1, . . . , 2 sequentially, we
obtain the law of transformation of the tangential components of fields by
the set of layers (interfaces)

|| EN (dN )
HN (dN ) || = F || E1(d1)

H1(d1) || = F || A1 + B1

Y1(A1 − B1) || (7.16)

where F = F(kndn cosun , Yn ) ? F(kn−1dn−1 cosun−1, Yn−1) ? . . . ?
F(k2d2 cosu2, Y2).

The Case of Layers of ‘‘Air—(N − 1) Absorbing Media—Perfect Conductor.’’
The first layer n = 1 is the air, the last layer n = N + 1 is a perfect conductor;
the interim layers are of dielectric media with absorption, so that the values
ṁ , ė are complex. All this necessitates an extended interpretation of Snell’s
law justifying the formal use of complex angles u to account for the presence
of absorption. The layer structure of RAM allows us to augment the domains
of model applicability in frequency and angle [1]. On the interface of the
N th layer with the perfect conductor we obtain EN (dN ) = EN+1(0) = 0.
Assuming that the coefficient A1 = 1, we find that coefficient B1 will be
equal to the complex coefficient of reflection Ṙ . Then, matrix equation
(7.16) of dimension 2 × 2 takes the form

F = ||F11 F12

F21 F22 || || 1 + Ṙ
Y1(1 − Ṙ ) || = || 0

HN (dN ) ||
Where from F11(1 + Ṙ ) + F12Y1(1 − Ṙ ) = 0, the complex coefficient of
reflection will be

Ṙ = −
F11 + F12Y1
F11 − F12Y1

(7.17)

where F12 and F11 are the elements of matrix F.

The Case of Two Absorbing Layers. The nonabsorbing layer of air (n = 1),
absorbing layers (n = 2, 3), and nonabsorbing layer of perfect conductor
(n = N + 1 = 4) are considered in this case, and
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||F11 F12

F21 F22 || = || cosa3 −jY3
−1 sina3

−jY3 sina3 cosa3 || ? || cosa2 −jY2
−1 sina2

−jY2 sina2 cosa2 ||
After multiplying the matrices, we obtain F11 = cosa2 cosa3

− Y2Y3
−1 sina2 sina3 and F12 = −j (Y2

−1 sina2 cosa3 + Y3
−1 cosa2 sina3).

Example of Two Thin Absorbing Layers. In this simplest example (a2 < 1,
a3 < 1) we have

F11 ≈ 1, F12Y1 ≈ − j (Y1Y2
−1a2 + Y1Y3

−1a3),

Ṙ ≈ −1 + 2j (Y1Y2
−1a2 + Y1Y3

−1a3)

If a2 = 0, a3 = 0, the value | Ṙ | = 1. The absorbing layers have negative
imaginary parts of the parameters a2, a3 leading to a decrease in the modulus
of reflection coefficient | Ṙ | .

7.1.4 The Scattered Fields of Huygens Elementary Radiators in
Approximation of Physical Optics

Let us return to the fields (7.1) Htg(r ) and Etg(r ) = √m0
e0

Htg(r ) × R0

of the incident wave on the illuminated part of the target surface. For the
cases shown in Figures 7.2 and 7.3 and ṁ1 = ė1 = 1, we find similarly to
(7.5) that

n × Hextr = n × Htg(r )[1 − Ṙ (r )], (7.18)

n × Eextr = √m0
e0

n × [Htg(r ) × R0][1 + Ṙ (r )]

The reflection coefficients Ṙ (r ) = Ṙ ⊥ (r ) or Ṙ (r ) = Ṙ || (r )) depend
on wave polarization and the angles of incidence, as was shown in Section
7.1.3.

After applying (7.1), (7.5), (7.6), and (7.18) to the target, being large
compared to the wavelength l , we obtain

Hrec ≈ jkE
S

B(r ) exp(−jkL(r ))dS , Erec = √m0
e0

Hrec × r0 (7.19)
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where B(r ) is the vector-magnitude of radiation of the surface element dS
with the radius vector r

B(r ) =
1

4p r
Jc(n, r0) × r0 (7.20)

Here, Jc(n, r ) is the product of (7.6) for the Huygens elementary
radiator and of the multiplier exp( jkrTR0),

Jc(n, r0) = n × H1 − √e0
m0

[n × E1] × r0 (7.21)

and L(r ) is the range sum for the element of the surface

L(r ) = r + R + (R0 − r0)Tr (7.22)

The first and the second terms of (7.22) describe the range sum to
the origin of the target coordinate system. The third term describes the
distance from the origin to the corresponding scattering element along the
normal to the ellipse of constant range sum [Figure 7.1(b)]. For the mono-
static case, r0 = −R0.

Continuing to use approximation of the augmented variant of physical
optics, we have

H1 = H0[1 − Ṙ (r )], E1 = [H0 × R0][1 + Ṙ (r )]

where Ṙ (r ) is the coefficient of reflection, and R0 is the unit vector in the
direction from transmitting antenna to the target.

7.1.5 The Facet Method of Calculating the Surface Integral
and ‘‘Cubature’’ Formulas

The facet method of calculating the surface integral G assumes replacing the
surface S by the large number plane triangles Di , i = 1, 2, . . . , N [Figure
7.4(a)], so that

G = E
S

E f (r)dS ≈ ∑
N

i=1
GDi = ∑

N

i=1
E
Di

E f (r)dS (7.23)
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Figure 7.4 The triangles in the facet method of calculating the surface integral: (a) set
of triangles, (b) arbitrary triangle, and (c) standard triangle.

Let us consider the integral GD over the plane triangle with vertices
M0, M1, M2, the radius vectors of which in 3D space are r0, r1, r2
[Figure 7.4(b)]. We describe the position of an arbitrary point M with
radius-vector r by means of its so-called ‘‘barycentric’’ coordinates. The
barycentric coordinates are determined as the nonnegative ‘‘dot masses’’
w0, w1, w2 (w0 + w1 + w2 = 1) that being disposed at the triangle vertices
M0, M1, M2 have the center of mass in the point

r = w1r1 + w2r2 + w0r0 = w1r1 + w2r2 + r0 (7.24)

Here r1 = r1 − r0, r2 = r2 − r0. The considered integral GD, expressed
through the barycentric variables w1, w2, may be put in the following form
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GD = E
S

E f (w1r1 + w2r2 + r0) | ∂r
∂w1

×
∂r

∂w2 |dw1dw2 (7.25)

= | r1 × r2 |E
S

E f̃ [w1, w2]dw1dw2

where

f̃ [w1, w2] = f (w1r1 + w2r2 + r0) (7.26)

and S is the area of integration.
Taking into account that | r1 × r2 | = 2S D (S D is the area of the triangle

D), we obtain

GD = 2S DE
S

E f̃ [w1, w2]dw1dw2 = 2S DE
1

0

dw1 E
1−w1

0

f̃ [w1, w2]dw2

(7.27)

Thus, the calculation of the integrals GD over an arbitrary triangle area
D is reduced to evaluation of the integral over area S of a standard triangle
[Figure 7.4(c)] on the plane Ow1w2 with vertices (0,0), (0,1), (1,0).

For slow varying functions (7.26) and small-sized standard triangle D
the integral (7.27) can be replaced by the product of the area S D of the
triangle and the average value of function f̃ [w1, w2] at its vertices (0,0),
(0,1), (1.0)

GD = S D ( f̃ [1, 0] + f̃ [0, 1] + f̃ [0, 0])/3 (7.28)

which can be regarded as a result of linear approximation of a slowly varying
function (7.26).

Unlike the quadrature formulas for calculating the areas in two-dimen-
sional space, the formulas for calculating the volumes in three dimensions
are known as ‘‘cubature’’ formulas [9]. Such terminology was preserved in
[10] for calculating surface integrals in 3D space. The cubature formulas
(7.28) are applicable only for integrand functions varying slowly.

The cubature formulas for oscillating rapidly integrand functions [10,
11] have to provide calculation of integrals
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GD = 2S DE
S

E e jk0F̃[w1,w2] f̃ [w1, w2]dw1dw2 (7.29)

where

F̃[w1,w2] = F[w1(r1 − r0) + w2(r2 − r0) + r0]

Designating u = k0(F̃[1, 0] − F̃[0, 0]), n = k0(F̃[0, 1] − F̃[0, 0]),
we obtain finally the cubature formulas

GD ≈ exp( jk0F̃[0, 0]) { ( f̃ [1, 0] − f̃ [0, 0])G10 (7.30)

+ ( f̃ [0, 1] − f̃ [0, 0])G01 + f̃ [0, 0]G00}

with three elements

Glm = E
S

E e j (uw1 +nw2)wl
1wm

2 dw1dw2 (l ; m = 1;0, 0;1, 0;0) (7.31)

Introducing the function w (x ) = (exp( jx ) − 1)/ jx , we have

G10 = − (w (n ) − w (u ) − (n − u )w ′(u ))/(n − u )2,

G01 = − (w (u ) − w (n ) − (u − n )w ′(n ))/(u − n )2,

G00 = (w (u ) − w (n ))/( j (u − n ))

7.1.6 Example of RCS Calculation of Targets Uncovered and Covered
with RAM for Small Bistatic Angles

To test the cubature formulas, a computer simulation of backscattering was
carried out [11]. Three tentative models of a large-sized aircraft with reduced
RCS were simulated. All models had wingspan about 50m and fuselage
length about 20m. The models had surfaces (1) conducting perfectly and
uncovered [Figure 7.5(a)], (2) completely covered by absorber, and (3)
partially covered by absorber. The latter case is shown in Figure 7.5(b) where
covered areas are marked gray.

Tentative values of the wideband absorber parameters were chosen as
follows: thickness—5 cm; relative permittivity and permeability—e ′ = m ′ =
1 − 10i . These values are typical of the Sommerfeld-type absorber [12].
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Figure 7.5 Aircraft models with reduced RCS and the surface (a) uncovered and (b)
partially covered by absorber. The covered areas of surface are marked gray.

Two frequency bands were investigated: 2.25 to 3.75 GHz and 0.15 to
0.25 GHz. A number of triangles amounting to 105 provided robustness of
measured RCS to the change of the triangle set.

The calculations were carried out using equalities (1.2) for the RCS
and (7.19) for the scattered fields. Figure 7.6 shows the calculated average
RCS:

• Versus the target course-aspect angle for monostatic radar for zero
values of pitch- and roll-aspect angles;

• Versus the radar bistatic angle for zero values of the course-,
pitch-, and roll-aspect angles of target illumination.

The RCS of all the models considered was significantly reduced in
comparison with usual large-sized aircraft. Especially great reduction of RCS
was achieved due to reshaping of target. Covering the surface with RAM,
including incomplete coverage, was also effective.

In the frequency band of 2.25 to 3.75 GHz, the averaged monostatic
RCS of the uncovered model was reduced up to a 0.1 m2, but rapidly
increased for angles 35° to 40° to about 100 m2. The latter was because
the direction of incidence became normal to the wing edge. In a bistatic
radar the RCS increases rapidly at bistatic angles of 70° to 80°.

For the model completely covered with absorber, the maximums of
RCS were reduced by two orders of magnitude in comparison with the
uncovered model. At some aspect angles the values of RCS were reduced
to several hundredths of a square meter.

For the model partially covered with RAM, the maximums of RCS
were reduced only by one order of magnitude compared to the uncovered
model due to nonuniformity of RAM coating.

In the frequency band of 0.15 to 0.25 GHz the averaged monostatic
RCS of the uncovered model was reduced to 1 m2, but rapidly increased
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Figure 7.6 Reduced RCS values in two frequency bands calculated for models of large aircraft with uncovered, completely covered, and
partially covered surfaces, and given for monostatic radar via target’s course-aspect angle and for bistatic radar via bistatic angle
for zero course-aspect angle. Zero pitch- and roll-aspect angles were assumed.
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to 100 m2 and even higher for aspect angles 35° to 40°. For the models
partially and completely covered with a thick layer of RAM, the RCS maxi-
mums were reduced by one to two orders of magnitude compared to the
uncovered model.

7.1.7 Evaluation of RCS of Opaque Objects for Bistatic Angles
Approaching 1808

Objects with significantly reduced RCS, as well as conducting objects, are
usually opaque. An illuminated opaque object with the cross-range dimen-
sions d >> l forms a shadow region. When illuminating this object by a
plane wave of short wavelength, the shadow region becomes a form of a
shadow column [6, 12]. The length of the shadow column is about the
Fresnel zone of extent d 2 /l . The longitudinal dimensions of an object that
is small compared with d 2 /l are assumed to be not very significant for
formation of the shadow column. An arbitrary opaque object with such
dimensions can be replaced very approximately by the opaque plate that is
parallel to the front of incident wave with the surface limited by the column
generatrices. In turn, the shadowed part of the opaque plate can be replaced
by extraneous electric [n × Hextr] and ‘‘magnetic’’ [n × Hrxtr] currents, which
together approximately constitute unidirectional Huygens radiators (Section
7.1.4) with a cardioid pattern. Interfering with the incident wave, this radiator
forms the shadow column, in which the phases of incident and additional
waves near the target must be opposite. Hence, [R0 × Hextr] = −[R0 × H0]
and [R0 × Eextr] = −[R0 × E0], where R0, H0, E0 were introduced in (7.1).
Calculating the fields (7.19) at the point of reception and using (1.2), we
can then obtain the corresponding target’s RCS

s tg =
4pA2

l2 F (b , e )

Here, A is the area of the shadow as viewed by the transmitter; b and
e are the azimuth and elevation angles, measured away from the forward
scatter direction; and F (b , e ) is a function describing directivity of the
forward radiation. The RCS sidelobes can be described by the function
F (b , 0) ≈ sinc2(pLb /l ) for a rectangular opaque plate, or by the function
F (b , 0) ≈ [2 J1(pLb /l )/(pLb /l )]2 for an ellipsoidal form of a plate, where
L is the horizontal dimension of the target across the line of sight. Analogous
dependencies exist for the angle coordinate e and the combination of b and
e [13].
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If A = 100 m2, l = 0.1, and b = 0, the value of s tg ≈ 1.2 × 107 m2

for a perfectly plane plate. Hence, a large value of RCS can exist for this
approximation also in a very narrow sector of bistatic angles near 180°. In
an arbitrary sector of bistatic angles, the RCS diminishes significantly, but
it can still be significantly greater than the RCS for small and zero bistatic
angles. Design formulas of the type described above must be used carefully,
since the sidelobe structure depends on actual distribution of Huygens
radiators.

The question arises as to whether it is justifiable to replace an arbitrary
convex opaque object by a plate. The answer is positive. It is true that for
the illuminated part of the convex object surface, the path length-differences
for the illumination and backscattered waves are summed. But for the shad-
owed part of the convex object surface, such range differences are subtracted.
In the whole, (7.19) is applicable both for illuminated and shadowed regions
of the object surface provided that Hextr and Eextr were estimated correctly.

7.1.8 Principles of Calculation of RCS for Sharp-Cornered Objects
Uncovered and Covered with RAM

We consider the scattering of a plane electromagnetic wave (7.1) by a perfectly
conducting object with an absorbing coating of surface discontinuities that
can be typical of wings and some other parts covered with RAM. The model
of a discontinuity (Figure 7.7) has a form of wedge with an external angle
pg and a curved edge. The integration surface S is the sum of two surfaces
S = S0 + S1. To evaluate the integral (7.19) over the surface S1 we can use

Figure 7.7 The model of a curved wedge coated with RAM.
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the facet method (Section 7.1.5). Such evaluation for the surface S0 is more
complicated. But it is simplified by the fact that the radius R0 of the toroidal
absorbing coating is small and the radius RL of the edge curvature (not
shown in Figure 7.7) is large compared to the wavelength l .

The radius vector r of a point on the surface S0 can be represented
as r = r0(l ) + j (R0, 0, w ) (Figure 7.7). Here r0(l ) is the radius-vector of
a point with position l on the fracture L , and j (R0, 0, w ) is the vector of
constant length R0, orthogonal to the curved edge at this point and constitut-
ing an angle w (0 ≤ w ≤ pg ) with one of the wedge faces, where g = g (l ).

According to (7.19) and (7.22) the integral over the surface S0 can be
represented as

H0 ≈ jkE
L

exp[−jkLL (l )]E
Q

B(r ) exp[−jkLQ (r )]dqdl (7.32)

= jkE
L

M(l ) exp[−jkLL (l )]dl

Here, Q is an arc of the circumference located in the plane orthogonal
to L and dq = R0dw is the element of its length. In turn, LL (l ) =
(R0 − r0)Tr0(l ) and LQ (r ) = −(r0)T ? j (R0, w ) + const are the range sums
depending on l and w , respectively.

Let us first evaluate the inner integral M(l ) over the arc Q as a function
of l . Because of the condition R0 < l , physical optics cannot be used for
this purpose. Using the condition RL >> l , let us consider the asymptotic
case RL → ∞. The problem will be solved for this case as was the cylindrical
one by the method of eigenfunctions [14]. Evaluation of the external integral
over the arc L under the condition RL >> l is facilitated by the presence
of a rapidly oscillating multiplier in integrand function and applicability of
the method of stationary phase [15].

Solution of the Cylindrical Problem. Let us use the cylindrical coordinate
system ORwz matched with the Cartesian one, Oxyz , which will be used
for description of the exciting plane wave. The systems have the common
origin O and axis Oz . The reference line for the angle coordinate w in the
cross section orthogonal to the line L corresponds to the axis Ox . The
solution must be found for the air (n = 1) and the dielectric (n = 2) limited
by perfect conductor (n = 3) and air (n = 1). The solution can be found as
a superposition of the waves in the waveguides (n = 1, 2) of electric E
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(transverse magnetic TM) and magnetic H (transverse electric TE) types of
various modes coupled together by the boundary conditions and character
of exciting plane wave. Solutions for the axial components of field have the
form

|| E (n )
z (R, w , z )

H (n )
z (R, w , z ) || = (7.33)

e −jaz ∑
∞

m=0
|| [A (n )

m Jn (m ) (k
(n )R) + B (n )

m H (1)
n (m ) (k

(n )R)] sin[n (m )w ]

[C (n )
m Jn (m ) (k

(n )R) + D (n )
m H (1)

n (m ) (k
(n )R)] cos[n (m )w ] ||

Other components can be obtained, as in waveguide theory, from
Maxwell equations; for instance,

E (n )
R = −

ja

[k (n)]2
∂E (n )

z
∂R +

jvm

[k (n)]2R

∂H (n )
z

∂w
, (7.34)

E (n )
w = −

jvm

[k (n)]2
∂H (n )

z
∂R +

ja

[k (n)]2R

∂E (n )
z

∂w

Let us clarify the meaning of this solution and the designations used.
Solution of the cylindrical problem for dielectric layers n = 1, 2 can be
considered as a development of the more simple solution (7.11) of the plane
problem for such layers n = 1, 2, . . . , N. In addition to solutions (7.11),
the solutions (7.33) (n = 1, 2) are the superposition of particular solutions
of Maxwell’s equations (eigenfunctions) in the wave form, but with some
peculiarities. They are built as a superposition of infinite number of nonuni-
form cylindrical waves of the type E (R, w )e j (v t±az ). They are standing waves
along the coordinate w since the components Ez and E R tangential to the
perfectly conducting wedge must vanish at its surface together with the

partial derivative
∂H (1)

z
∂w

[see (7.34)]. Therefore, sin[n (m )w ] = 0 for w = 0

and w = pg , so that n (m )pg = mp , and

n (m ) = m /g , m = 0, 1, 2, . . . (7.35)

The radial distribution of the field must be described by the superposi-
tion of standing and traveling nonuniform cylindrical waves corresponding
to various azimuth distributions n (m ). The standing wave is described by
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the Bessel functions Jn (m )(k
(n )R), and the traveling wave is described by the

Hankel functions H (1)
n (m )(k

(n )R) and H (2)
n (m )(k

(n )R). For the assumed time

dependence e jv t, the function H (1)
n (m )(k

(n )R) describes a traveling wave of

convergent (approaching) type e j (v t+kR), and the function H (2)
n (m )(k

(n )R)
describes a traveling wave of divergent (receding) type e j (v t−kR). The cylindri-
cal standing wave is a superposition of opposite traveling waves

Jn (m )(k
(n )R)e jv t =

1
2

[H (1)
n (m )(k

(n )R) + H (2)
n (m )(k

(n )R)]e jv t (7.36)

analogous to the plane standing wave coskxe jv t =
1
2

[e j (v t+kx ) +

e j (v t−kx )]. Asymptotic approximations z = k (n )R → ∞ of these functions
are [14]

H (1)
n (z ) ≈ √ 2

pz
expF jSz − n

p
2

−
p
4 DG (7.37)

H (2)
n (z ) ≈ √ 2

pz
expF−jSz − n

p
2

−
p
4 DG

Using (7.33), (7.36), and (7.37), we can approximate the component
Ez in the far-field zone as a superposition of traveling waves convergent and
divergent in radial direction:

E (1)
z (R, w , z )e jv t ≈ √ 2

pk (1)R
e

−j
p
4 { f1(w ) exp[ j (v t + k (1)R + az )]

+ f2(w ) exp[ j (v t − k (1)R + az )]} (7.38)

For a = 0, both waves are cylindrical ones; for a ≠ 0, they are conical
ones. Functions f1(w ) and f2(w ) describe angular distributions of convergent
and divergent waves, so

f1(w ) = ∑
∞

m=0
(A (1)

m /2 + B (1)
m )e −j [n (m )p /2] sin[n (m )w ] = E

gp

0

f1(c )d (c − w )dc

(7.39)
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Let us compare the equations obtained with the equation of a plane
wave propagating from a remote source disposed in direction w0, u0 from
the object considered:

Ez (t , x , y , z ) = A exp[ j (v t + k1x + k2y + k3z )] = Ez (t , R, w , u ) (7.40)

= Ez0 exp[ j (v t + kR + k3z )]

where k1 =
v
c

cosw0 sinu0, k2 =
v
c

sinw0 sinu0, k3 =
v
c

cosu0,

R = √x2 + y2 and kR = √(k1x )2 + (k2y )2, so that k =
v
c

sinu0. For the

plane wave polarized in the incidence plane passing through the axis z with
intensity of electric field E, the value Ez0 = E cosu . It is equal to zero in
the case of polarization normal to this plane.

Equations (7.38) and (7.40) can be brought into accord only if
k (1) = k and a = k3. Assuming this, we conclude that the general solution
(7.39) corresponds also to the superposition of the plane waves converging
to the object from various directions w . Our single plane wave corresponds
to the function f1(w ) = Ez0d (w − w0). This delta-function can be considered
as a limit for R → ∞ of the function

d (w , R, a ) = R/a if |w − w0 | < a /2R, and

d (w , R, a ) = 0 if |w − w0 | > a /2R

provided that additional suppositions are made of R0 << a << R, so that
the product of the maximum value of the function R /a and the length of
interval a /R of its nonzero values is equal to unity. The additional supposition
of R0 << a << R ensures the plane wave-front in the neighborhood of the
object’s discontinuity (Figure 7.8).

The condition of agreement of (7.38), (7.39), and (7.40) for
R → ∞ is

√ 2

pk (1)R
e

−j
p
4 ∑

∞

m=0
(A (1)

m /2 + B (1)
m )e −j [n (m )p /2] sin[n (m )w ] ≈ Ez0 d (w , R, a )

(7.41)

It allows us to express the linear combination A (1)
m /2 + B (1)

m of the
parameters of the cylindrical wave in air (n = 1) with a given intensity Ez0
as the coefficients of Fourier transformation (7.41) for the angle interval
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Figure 7.8 Clarification of asymptotic (R → ∞) decomposition of the cylindrical (conical)
nonuniform waves on the plane uniform waves.

gp . Similarly, the linear combination C (1)
m /2 + D (1)

m can be expressed through
the given component Hz0.

Using all these coefficients, let us return to (7.33) including the Bessel
and Hankel functions connecting the fields in air (n = 1) and dielectric
(n = 2) media.

It is convenient to describe the fields in dielectric media (n = 2) only
by Bessel functions since for R → ∞ each of the Hankel functions

H (1)
n (m )(k

(n )R) → ∞ and H (2)
n (m )(k

(n )R) → ∞. Therefore, B (2) = D (2) = 0.
Parameters k (n ), identical for the Bessel and Hankel functions, can be found
according to Helmholz equation

(D + v2m (n )e (n ) )Ez = 0

Applying this equation to each of the partial solutions of (7.33), we
have

− (k (n ) )2 − a2 + v2m (n )e (n ) = 0 and k (n ) = √v2m (n )e (n ) − a2

(7.42)

The value of k (1) obtained from (7.42) for air corresponds to the value
obtained above.

The coefficients A (2)
m and C (2)

m can be found from the boundary condi-
tions Ez

(2) = Ez
(1), E w

(2) = E w
(1), Hz

(2) = Hz
(1), H w

(2) = H w
(1). Due to orthogonal-

ity of the basis functions of the Fourier transform, the boundary conditions
will be simplified. For example, the first of these conditions takes the form
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A (2)
m Jn (m )(k

(2)R0) = A (1)
m Jn (m )(k

(1)R0) + B (1)
m H (1)

n (m )(k
(1)R0)

The boundary condition for E w can be obtained using equality (7.34).
Analogous equations can be written for the components Hz and Hw .

Together with the known values of linear combinations A (1)
m /2 + B (1)

m and

C (1)
m /2 + D (1)

m for each value m we have six linear equations to obtain six

unknown parameters: A (1)
m , B (1)

m , C (1)
m , D (1)

m , A (2)
m , C (2)

m . This solves the
problems of the field evaluation. Then, using the methods of numerical
integration, we can calculate the inner integral M(l ) of equality (7.32).

Application of the Method of Stationary Phase. The integral (7.32) as a whole

H0 = jkE
L

M(l ) exp[−jkLL (l )]dl (7.43)

has as an integrand function the product of the rapidly oscillating function

exp[−jkLL (r0)] = cos[−jkLL (r0)] + j sin[−jkLL (r0)]

and the internal integral M(l ) of (7.32), as a function of l , that varies slowly.
The areas of positive and negative half-waves of (7.43) compensate each
other except in the neighborhood of the points of ‘‘stationary phase’’ (specular
bright points) li , i = 1, 2, . . . , N, where the derivative of the range sum
LL (l ) is equal to zero

∂LL (li )/∂l = 0, LL (l ) = (R0 − r0)Tr0(l )

Let us approximate the radius-vectors r0(l ) of the points of a small
part of the curve neighboring the stationary phase point li by three first
terms of the Taylor series

r0(l ) ≈ r0(li ) +
∂r0(li )

∂l
(l − li ) +

1
2

∂2r0(li )

∂l 2 (l − li )2

The same part of the curve L can be also approximated by the arc of
circumference. The first derivative ∂ r0(li )/∂l is defined, then, as the limit
of the ratio of the vectors’ difference Dr0 = r0(li + Dl /2) − r0(li − Dl /2),
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corresponding to the arc subtense to the length of the arc Dl for Dl → 0
[Figure 7.9(a)]. The value of this derivative ∂ r0(li )/∂l is equal to the unit
vector t i = t (li ) of the tangent to the curve L at the point [Figure7.9(a)].

The second derivative ∂2r0(li )/∂l 2 = ∂t (li )/∂l can be defined as the
limit of the ratio of the vectors’ difference Dt = t (li + Dl /2) − t (li − Dl /
2) corresponding to some subtense of the arc of unit radius [Figure 7.9(b)]
to the length of other arc Dl = RLi Db of the radius RLi for Dl → 0. The
difference Dt can be evaluated as Dt = ni Db , where ni is the unit vector

Figure 7.9 For the use of the ‘‘stationary phase’’ method: (a) unit vectors of the tangent
and normal to the convex curve L (Figure 7.8) and clarification of the value
∂r 0(li )/∂l ; (b) clarification of the value ∂ 2r 0(li )/∂l 2; and (c) unit vectors of
wave propagation at the ‘‘stationary phase’’ point for bistatic radar.
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of the principal normal to the convex curve L at the point l i . Therefore,
∂2r0(li )/∂l 2 ≈ ni /RLi , and finally

r0(l ) ≈ r0(li ) + (l − li )t i +
ni

2RLi
(l − li )2 (7.44)

The condition of the phase stationarity at the point l = li is

∂LL (l )
∂l

= (R0 − r0)T ∂
∂l

r0(l ) = (R0 − r0)Tt (l ) = 0 for l = li

(7.45)

which corresponds to the bisector of bistatic angle orthogonal to the tangent
to the curve L at this point [Figure 7.9(c)].

In the neighborhood of the point l = li , the value of the range sum
is equal to

LL (l ) = (R0 − r0)Tr0(l ) ≈ LL (li ) + z i (l − li )2/2RLi (7.46)

Here LL (li ) = (R0 − r0)Tr0(li ) and z i = (R0 − r0)Tni = |z i | sgnz i , where
sgnz i = 1 if z i > 0 (the convex surfaces and curves), and sgnz i = −1 if
z i < 0 (the concave ones). Using the tabulated integral

E
∞

−∞

e
j
p
2

u 2

du = √2e
j
p
4

approximation (7.46), and designating
k |z i | (l − li )2

2RLi
=

p
2

u2, so that

dl = √pRLi

k |z i | du , we obtain the contribution of a ‘‘visible’’ stationary phase

(specular) point into integral (7.43)

H0i ≈ √2pRLi

k |z i | M(li ) expF jS−kTL (li ) +
p
4

sgnz iDG (7.47)

Adding together the contributions of all ‘‘visible’’ specular points into
integral (7.43), we obtain the resultant field H0. The sum of H0 and H1,
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where H1 is the integral through the surface S1 computed by the use of the
facet method (Section 7.1.5), gives the requested field Hrec.

Let us note that we need not integrate only through the surfaces S0
and S1 shown in Figure 7.7. For the convenience of calculations, one may
integrate through the surface S0′ embracing S0 and a residuary part of the
surface S1 where the current distribution is more uniform. Examples of
calculation and comparison of its results with experimental data were pre-
sented in [14, 15].

7.2 Some Calculating Methods for Nonstationary
Illumination of Targets

We consider below the concept of the high frequency impulse and unit step
responses of targets (Section 7.2.1), and the method (Section 7.2.2) and
examples (Sections 7.2.3 and 7.2.4) of calculating such responses and tran-
sient response of a wideband signal. Let us limit the discussion here only to
targets with perfectly conducting surfaces [16–18].

Before developing the calculating methods, let us consider some physical
features of scattered signals in bistatic radar systems for extended targets.
Considering monostatic radar in previous chapters, we operated with the
RPs of targets. The bistatic radar directly measures not the range of a target
or its elements but the corresponding range sums. The RPs of monostatic
radar can be replaced, therefore, by the range sum profiles (RSP) of bistatic
radar. The first element of the RP corresponds to the target element illumi-
nated first. The first element of the RSP corresponds to the target element
with minimum range sum, which may not be illuminated first if it is nearer
to the receiver.

7.2.1 Concept of High Frequency Responses of Targets

The theory of linear systems operates with the impulse response (IR) and
unit step response (USR). This approach can be applied for calculating both
the IRs and USRs, but some notes are necessary.

The impulse response is one of the most important characteristics of
linear systems, especially those with constant parameters. The IR is defined
as the output for t ≥ 0 of the linear system exposed to the action of the
Dirac delta-function applied at its input at the moment t = 0. The convolution
of any given signal with the IR gives the system response to this signal. In
experimental and theoretical investigations, the delta-pulse can be replaced
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by a short pulse having the same amplitude-phase spectrum in a definite
frequency region. The convolution rule will be correct then only for the
signals in this frequency region.

Unit step response is a reaction of a linear system to the unit step,
being the integral of the Dirac delta-function. One can calculate the response
to a given signal by convolution of its time derivative with USR of the
system.

High-frequency impulse responses (HFIRs) and high-frequency unit
step responses (HFUSRs) are obtained by the formal using of the delta-
functions and unit step functions in the high-frequency domain. The necessity
of introducing the separate responses for this domain arises from the absence
of general calculating methods suitable for simulating the scattering for the
high and not very high frequencies. The physical optics approximation of
HFIR was used, for instance, in the work [16] by the name of impulse
response.

7.2.2 Calculating Bistatic Responses of Targets with Perfectly
Conducting Surfaces Using the Physical Optics Approach

Using (7.22), let us introduce first the path-delay sum for various elements
of the target surface described by the vector r in the target coordinate system

T (r ) = L(r )/c = [(R0 − r0)Tr + r + R ]/c (7.48)

The common IR of a linear system is the Fourier transform of its
amplitude-phase response. Using (7.19) as the amplitude-phase response of
a target to a sinusoid of arbitrary frequency f and replacing the k by its

value
2p f

c
, we obtain the HFIR in the form

H(t ) ≈ E
∞

−∞

j
2p f

c E
S1

B(r ) exp[ j2p f [t − T (r )]]dSdf (7.49)

= E
S1

B(r )E
∞

−∞

∂
∂t

exp[ j2p f [t − T (r )]]dfdS

The relations for HFIR H(t ) and HFUSR H(t ) can be presented in
the form
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H(t ) ≈
∂
∂tE

S1

d [t − T (r )]B(r )dS =
∂
∂t

H(t ), (7.50)

where H(t ) ≈ E
S1

d [t − T (r )]B(r )dS

since the delta-function and unit step function are defined as

d (t ) = E
∞

−∞

exp( j2p ft )df and x (t ) = E
t

0

d (s )ds (7.51)

The second of expressions (7.50) can be rewritten in two equivalent
forms

H(t ) ≈
∂
∂tE

S1

x [t − T (r )]B(r )dS =
∂
∂tE

St

B(r )dS (7.52)

where S t is the part of the surface S1 that had been illuminated to the
moment t = T (r ).

Introducing the auxiliary vector-function of time

N = N(t ) = E
St

ndS (7.53)

where S t = S1(t ), we can obtain its first derivative

∂N
∂t

= lim
Dt→0

1
DtF E

St+Dt

ndS − E
St

ndSG = lim
Dt→0

1
Dt E

St+Dt \St

ndS (7.54)

Designation S t+D t \S t in (7.54) corresponds to integration through the
part of the surface S t+D t , which does not belong to the surface S t . Assuming
that the electrical field tangential to the surface is equal to zero, and using
(7.19) through (7.21) and (7.53) and (7.54), we obtain the HFUSR and
HFIR in the form
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H(t ) ≈ F∂N
∂t

× H̃0G × r0, H(t ) ≈ F∂2N

∂t2 × H̃0G × r0 (7.55)

where H̃0 =
1

4p r
? 2Htg(0). As it follows from (7.52), the time boundaries

of nonzero values of HFIR exist:

tmin = min
r ∈ S1

T (r ), tmax = max
r ∈ S1

T (r )

The Responses of Targets to Arbitrary High Frequency Signals. The HFIR
and HFUSR can be used to obtain the responses of targets on the signal
Uf (t ) with derivative Uf′ (t ):

Z(t ) = E
∞

−∞

Uf (s )H(t − s )ds , Z(t ) = E
∞

−∞

Uf′ (s )H(t − s )ds (7.56)

The second variant of computations (7.56) is preferable since it requires
only the evaluation of the first derivative ∂N /∂t in (7.55). Substituting the
first of expressions (7.55) in (7.56), we obtain

Z(t ) = [Za(t ) × H̃0] × r0 (7.57)

where Za(t ) is an auxiliary vector-function

Za(t ) = E
∞

−∞

Uf′ (s )
∂N(t − s )

∂t
ds (7.58)

For smooth targets and signals with the time-stationary polarization,
the time dependence (7.58) completely defines the time dependence (7.57).

Peculiarities of Calculating the Derivative of Vector-Function N(t ). Let us
introduce:

• Gradient gradT (r ) = =T (r ) = (R0 − r0)/c of path-delay function
(7.48) and its unit vector m0 = (R0 − r0) / |R0 − r0 | oriented along
the bisector of the bistatic angle;
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• Contour G(t ), being the intersection of the plane cT (r ) = ct with
the surface S1;

• Differential dl of this contour’s length.

Returning to expression (7.53), we obtain

dS = dl ? cDt /sin(m0, n) = c ? dl ? Dt /√1 − cos2(m0, n) (7.59)

= c ? dl ? Dt /√1 − [(m0)Tn]2

so that, according to (7.54),

∂N
∂t

= c E
G(t )

n

√1 − [(m0)Tn]2
dl (7.60)

7.2.3 Example of Calculating the HFUSR of Ellipsoids with Perfectly
Conducting Surfaces

The surface S of an ellipsoid satisfies the equation

|A−1x |
2

= xTA−2x = 1, A = AT = diag(a1, a2, a3) (7.61)

The vector of normal n to this surface is collinear to the gradient
=(xTA−2x) = 2A−2x.

In our succeeding consideration, the concept of the terminator intro-
duced for monochromatic illumination will be useful because it determines
the surface S1. The terminator can be found from the conditions that (1)
it belongs to the ellipsoid surface and (2) it consists of the points in which
the unit vector R0 becomes a tangent to the surface orthogonal to its normal
n. The terminator can be represented, therefore, by the system of equations

|A−1x |
2

= 1, nTR0 = xTA−2R0 = 0 (7.62)

The problem of scattering of an ellipsoid can be reduced to that of a
sphere using the coordinate transformations A−1x = j and A−1R0 = Q, so
that
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|j |
2

= 1, QTj = 0 (7.63)

Figure 7.10 explains the method of computation of sphere scattering
in bistatic radar. After the coordinate transformation the accessory vector Q
replaces the unit vector R0 in the direction of incident wave propagation,
the vector

L0 = Am0/ |Am0 | (7.64)

replaces the unit vector m0 = (R0 − r0) / |R0 − r0 | in the direction of propa-
gation of a plane of constant range sum. The integration in (7.60) will be
carried out over the moving contour G1(t ′ ) instead of the moving contour
G(t ). Here, t ′ is the relative time measured with respect to the moment of
the contour G(t ) passing through the center of ellipsoid. It is normalized in
relation to the time |A(R0 − r0) | /c of propagating the contour G(t ) from
the point of tangency D to the center of ellipsoid

t ′ =
t − (r + R )/c

|A(R0 − r0) | /c
=

ct − (r + R )

|A(R0 − r0) |

We will denote the values of t ′min and t ′max as corresponding to the
values of tmin and tmax introduced above. The motion of the contour G1(t ′ )

Figure 7.10 Geometry of the nonstationary problem of sphere scattering in bistatic radar.
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in the direction L0 along the sphere is shown in Figure 7.10. It begins from
the point D , where the plane of constant range sum is a tangent to the
sphere. The echo signal corresponding to the point D is received earlier than
that corresponding to the point E , despite the fact that the point E was
illuminated earlier. The latter is due to the smaller distance from the point
D to receiver. The contour G1(t ′ ) is a full circumference until it is truncated
by the terminator plane (t ′ < t0′ ), otherwise G1(t ′ ) is a truncated circumfer-
ence (t0′ < t ′ < t ′max ).

To calculate the contour integral, we introduce as auxiliary variables
the angular coordinate w and two vectors, u0 = −L0 × Q / |L0 × Q | that are
parallel to the terminator plane and v0 = u0 × L0. Both vectors are disposed
in the plane of contour G1(t ′ ) (Figure 7.10). Then,

j = t ′L0 + √1 − (t ′ )2F(w ), F(w ) = u0 cosw + v0 sinw , (7.65)

w0(t ′ ) ≤ w ≤ p − w0(t ′ )

Here, the t ′L0 is the vector normal to the plane of contour G1(t ′ ). Its
length | t ′ | is equal to the distance from this plane to the origin of coordinate

system. The length √1 − (t ′ )2 is equal to the radius of the circumference
including the contour G1(t ′ ). These results correspond to a sphere of unit
radius and zero time reference connected with the contour plane passing
through the center of the sphere.

The value w0(t ′ ) entered in (7.65) can be defined from the condition
of intersection (Figure 7.10) of the terminator plane QTj = 0 and the contour
G1(t ′ ) defined by (7.62), so that

QTj = QT[t ′L0 + √1 − (t ′ )2 (u0 cosw0 + v0 sinw0)] = 0

Since QTu0 = 0, we have w0(t ′ ) = asin(t ′/a√1 − (t ′ )2 ), where a =

QTv0/QTL0 , if t0′ ≤ t ′ ≤ t ′max and w0(t ′ ) = −p /2 if −1 ≤ t ′ < t0′ . The values

t ′min = −1, t ′max = a /√1 + a2 (a ≥ 0), and t0′ = −t ′max.

Returning to coordinates x = Aj , we can obtain parametric equation
of the contour G(t ) on the ellipsoid

x = Aj = t ′AL0 + √1 − (t ′ )2AF(w ), w0(t ′ ) ≤ w ≤ p − w0(t ′ )
(7.66)
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The contour (7.66) is the contour of integration to be used in (7.54).
Let us return to (7.54) and introduce (1) the relation for unit vector normal
to the ellipsoid at points of contour G(t ):

n = A−1(t ′L0 + √1 − (t ′ )2F(w )) / |A−1(t ′L0 + √1 − (t ′ )2F(w )) |
(7.67)

and (2) the relation between dl and dw :

dl = √1 − (t ′ )2 |AF′(w ) |dw (7.68)

We can then rewrite expression (7.54) in the form

∂N
∂t

= E
p − w 0 (t′)

w 0 (t′)

f(w , t ′ )dw (7.69)

where

f (w , t ′ ) = G (w )A−1(t ′L0 + √1 − (t ′ )2F(w )) (7.70)

G (w ) = |AF ′(w ) | / ( |AF ′(w ) |
2

− ((m0)T[A−1F])2)1/2 (7.71)

The relation (7.69) can be represented in the form

∂N
∂t

= (7.72)

Fx (t ′ + 1)E
2p

0

f (w , t ′ )dw − x (t ′ − t0′ ) E
2p + w 0 (t′)

p − w 0 (t′)

f (w , t ′ )dwGx (t ′max − t ′ )

where x (t ′ ) is the unit step function. This result can be used to obtain
HFUSR of ellipsoid from the second of these relations (7.50). The HFIR
of ellipsoid can be obtained from the first of these relations (7.50) [17, 18].
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7.2.4 Example of Calculating the Transient Response of an Aircraft
Model with Conducting Surface for a Wideband Signal

Let us consider an aircraft model (Figure 7.11) containing several triaxial

ellipsoids I1, I2, . . . , Im (m = 5). Calculation of the value
∂N
∂t

is reduced

to the following steps:

• Estimation of values tminl and tmaxl for each ellipsoid (l = 1, 2, . . . ,
m );

• Calculation of radius-vectors xl (t ) of the points corresponding to
the interval of polar angles w0(t l′ ) < w l < p − w0(t l′ ) for the contours
Gl (t ) belonging to each l th ellipsoid;

• Test of each point xl (t ) for visibility (or shadowing) [19];

• Calculation of contour integral G(t ) for the whole aircraft model as
a function of time t performing integration over separate contours
Gl (t ) by use of expression (7.72);

• Calculation of convolution (7.58) as a function of t using Filon’s
type formula [20].

Transient responses of a simplified aircraft model (Figure 7.11) were
calculated for the following sizes of ellipsoids’ Il half-axes:

Figure 7.11 The simplified model of an aircraft used in calculation of transient responses
without separating the bright elements.
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I1: a1 = 1.25m, a2 = 1.25m, a3 = 9m;

I2: a1 = 0.5m, a2 = 11m, a3 = 2m;

I3: a1 = 0.5m, a2 = 11m, a3 = 2m;

I4: a1 = 0.3m, a2 = 3m, a3 = 1m;

I5: a1 = 3m, a2 = 0.3m, a3 = 1m

The centers of ellipsoids I1, I2, I3 were placed at the origin of the
target coordinate system, and the centers of ellipsoids I4 and I5 were at the
distance 7.6m from the origin along the longitudinal axis.

The calculated responses (RSPs) are shown in Figure 7.12 for a radio
pulse of duration tp = 3 ns at carrier frequency 10 GHz. The illumination
directions were supposed lying in the wing plane. Responses of Figure 7.12(a)
and (b) correspond to the nose-on illumination. Responses of Figure 7.12(c)
and (d) correspond to illumination at 30° from the nose. Responses of Figure
7.12(a) and (c) were obtained for bistatic angle of 20°. Responses of Figure
7.4(b) and (d) were obtained for bistatic angle of 40°. One can see that
local responses from different parts of the model aircraft are well separated.

Figure 7.12 The RSPs of aircraft model (Figure 7.11) calculated without separation of
bright elements for the signal bandwidth of 300 MHz: (a) course-aspect angle
0° and bistatic angle 20°; (b) course-aspect angle 0° and bistatic angle 40°;
(c) course-aspect angle 30° and bistatic angle 20°; and (d) course-aspect
angle 30° and bistatic angle 40°.
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Details of the images (Figure 7.12) are represented more poorly than
those of the images obtained by using the simplest component method
(Chapters 1–6) for the same bandwidth (about 300 MHz). This can be
explained by the oversimplification of the aircraft model connected with its
demonstrative objective and the limited computer capability.
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List of Acronyms

1D one-dimensional
2D two-dimensional
3D three-dimensional
ADC analog-to-digital converter
AGC automatic gain control
ALCM air launch cruise missile
AN artificial neuron
ANN artificial neural network
ANN M artificial neural network, modularized
ANN NM artificial neural network, nonmodularized
CFAR constant false alarm rate
cpdf conditional probability density function
CW continuous wave
DFT discrete Fourier transform
DTM digital terrain map
ET evolutionary training
FANN feedforward artificial neural network
FANN NM feedforward artificial neural network, nonmodularized
FFT fast Fourier transform
GLCM ground launch cruise missile
H horizontal
HFIR high frequency impulse response
HFUSR high frequency unit step response
HRR high range resolution
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IMRQ information measure of recognition quality
IR impulse response
ISAR inverse synthetic aperture radar
JEM jet-engine modulation
lcpdf logarithmic conditional probability density function
LFM linear frequency modulation
MTI moving target indicator
MTD moving target detector
NB narrowband
pdf probability density function
PGA pair gradient algorithm
PPI plan-position indicator
PRF pulse repetition frequency
PRM propeller modulation
PSM polarization scattering matrix
PW precursory weighting
R&D research and development
RAM radar absorbing material
RCS radar cross-section
RFP range frequency profile
RMS rotational modulation signature
RP range profile
RPP range polarization profile
RSP range sum profile
SF stepped frequency
SGA simple gradient algorithm
SNR signal-to-noise ratio
SS signature set
TFDS time-frequency distribution series
USR unit step response
V vertical
V-H velocity-altitude
WB wideband
WE without engine
WF wavefront
WRP wavelet range profile
WV Wigner-Ville
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for various PRFs and coherentdielectric layers, 247

Refraction integration times, 121–23
for various wavelengths, 119atmospheric, 190–91

at interface of two infinite dielectric Rotation information
PRF limitations of, 46layers, 246

of waves at interface of several infinite wave band limitations on, 46–47
See also Rotational modulationdielectric layers, 247

Resolution Rotation matrix, 12, 13
angular, 18

Scaled electrodynamic simulation, 8–9high range (HRR), 64
Scaled hydroacoustic simulation, 9range, 236
Scattered fields for targets, 243–45Roll-aspect angle, 14

with imperfectly conducting surfaces,Rotational modulation, 42–47
244–45of burst of sinusoidal pulses, 43–44

with perfectly conducting surfaces,caused by multiengine rotating system,
243–4444

Scatteringcaused by multistage rotating system,
approximate solution, 19444–46
approximate solution variants, 195fading of, 121
bistatic, 241, 242level of, 97
calculation, 9–10produced by aerial targets, 42
ellipsoid, 271of scattered signals, 42–47
general equations, 18–20simulated RP accounting for, 97–98
mechanisms based on Tu-16 airframe,of sinusoidal illumination, 43

36target class recognition simulation
with, 150–52 phenomenon, 2–5
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radar characteristics and, 2–5 simulation of, 192–202
sphere, 272 wideband target recognition under
target, 1–7 conditions of, 202–13

Scattering simulation ‘‘Signal plus noise,’’ 235
analog methods of, 8–9 Signal-to-noise ratio (SNR)
computer methods of, 9–37 asymptotically large, 138–39
expansions of, 241–77 potential, 142, 143
foundations, 1–60 Signatures
results comparison, 1 in narrowband illumination, 111
scaled electrodynamic, 8–9 range-frequency, 85–86
scaled hydroacoustic, 9 range-polarization, 80–85
See also Simulation RMS, 118

Separated SF signal, 89–90 RPP, 83
ambiguity functions, with very large simulated, for wideband signal, 63–64

bandwidth-duration product, trajectory, 111, 142–44
91–92 variants, on basis of range profiles,

illumination comparison with chirp, 66–69
99–100 Simple gradient algorithm (SGA), 169–70

matched processing, with very large Simplest component method
bandwidth-duration product, application limits, 36–37
92–94 description and scattering calculation,

SF signals, 87–100 9–10
ambiguity functions, with moderate employment peculiarities, 16–18

bandwidth-duration products, Simple voting algorithm, 156–57, 159
88 Simplified aircraft model

ambiguity functions, with very large illustrated, 275
bandwidth-duration product,

RSPs of, 276
91–92

transient response of, 275–77
continuous, 90

Simulated envelopes, 231–32
matched processing of, 92–94

Simulationseparated, with chirp, 99–100
2D image, 105–9separated, simulated and experimental
angular glint, 230–31RPs, 95–100
backscattering, 181–213separated, with very large bandwidth-
of detection with wideband signals,duration product, 92–94

234–36Shadowing
digital terrain maps in, 186–91asymptotic, 52–53
empirical, 182–84checking for absence of, 34
of fast rotating elements, 42–56coefficient of, 198–99
glint, examples, 231–32JEM simulation accounting for, 52–53
ground clutter, 181–91nonasymptotical, 53
JEM, 48–53simulation of JEM neglecting, 48–51
for linear uniform target motion,Sharp-cornered objects, 258–67

106–7Signal detection variants of simulation of,
microrelief, 187–89218–19
of multiengine/multistage rotatingSignal distortions

envelope, 202 systems, 53
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Simulation (continued) Specular interaction, geometric parameters,
32of nonparametric recognition

algorithms, 157–59 Sphere scattering, 272
Stationary illumination, scattering effectsPRM, 53–55

quality indices chosen for, 59 for, 242–67
Stationary phase, 264–67range-frequency signatures, 85–86

range-polarization signatures, 80–85 condition of, 266
use of, 265RCSs, for wideband chirp

illumination, 64–80 visible, 266
SurfacesRFP, 86

RPP signature, 83–85 approximating, of first kind, 16
approximating, of second kind, 17scaled electrodynamic, 8–9

scaled hydroacoustic, 9 cylindrical, 29
double curved, 26signal amplitude distortions, 192–202

of target class recognition, 142–46 electrical properties of, 197
ellipsoid, 271target class recognition with neural

algorithms, 171–74 ideally conducting, 26–32
imperfectly conducting, 244–45target motion, 37–41

of target range glint in single wideband perfectly conducting, 243–44
reflections, 199–202measurement, 236–37

of target range glint in wideband roughness, 198
smooth, 16, 21–22tracking, 237–38

of target range profiles, 64–80 underlying, PSM of, 197–99
Surface traveling wave, geometricof target RCS for wideband

illumination, 74–75 parameters, 31
Swerling distributions, 216of target RPs, 69–73

target type with neural algorithms,
Target class recognition, 142–46174–76

conditional probabilities, 212for translational target motion, 107
correct/error decisions, 146for uniform rotational target motion,
for RP distortions by MTI, 206–9105–6
for RP distortions by underlyingof wavelet transforms, 162–64

surface, 209–13of wave propagation, 192–93
with RPs, RCS, trajectory signatures,wind gust, 40

142–44yaw, 40
simulated probabilities of errors, 144,Smooth surfaces

145, 149curvature radii of, 23–25
simulation of, 142–46specular point and line coordinate
simulation with neural algorithm withcalculation of, 21–22

gradient training, 171–74See also Surfaces
simulation with rotational modulation,Spatial glint, 224

150–52defined, 224
specification with RPs, 144–46dependencies of value of, 229
with standard RPs and cpdf of RPs,evaluation, 228–29

149–50geometry for evaluation of, 225
testing, 143See also Glint

Specular elements, 33 Target coordinate system, 10, 11, 12
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Target glint, 220–25 simulation with rotational modulation,
150–52Target motion

atmosphere interaction, 39–41 with standard RPs, cpdf of RPs,
147–49deterministic description, 37–39

law of angular short-term, 100 Taylor series, 264
Thin cylinder, geometric parameters, 28law of longitudinal short-term, 100

linear, 107 Three-coordinate radar, 77–78
Time-frequency distribution serieslinear uniform, 106–7

simulation peculiarities, 37–41 (TFDS), 104
Tip, geometric parameters, 30translational, 107

uniform rotational, 105–6 ‘‘TIRA’’ stationary radar, 78
Torus, geometric parameters, 27Target RCS

aspect dependencies, 75 Tracking
quality indices for, 60simulation, for wideband illumination,

74–75 system choice, 237
trajectory information in, 134–35Target RPs

bandwidth and, 72 wideband, 237–38
Trajectorychangeability of, 71

dynamics, 70 components, 132
information, use possibilities, 134–35helicopters and, 71

recurrence of, 72 parameters, in target class recognition,
132–33simulated successive, 71, 72

simulation of, 69–73 signatures, 111, 142–44
Transient responsesTU-16-type aircraft, 70

Targets calculating, 275–77
of simplified aircraft model, 275bistatic responses of, 268–71

doppler frequency of, 142 Truncated cone, geometric parameters, 29
Two-cavity hyperboloid, 21, 24high frequency responses for, 267–68

with imperfectly conducting surfaces, Two-parametric pdf, 117
244–45

Unit step function, 269imprecisely known range of, 138, 142
Unity signal energy, 88nonstationary illumination of, 267–77

with perfectly conducting surfaces, Vector transformations, 33
243–44 Voting algorithms, 156–57

rotation, angle of, 102 multiple, 157
scattering, 1–7 simple, 156–57
scattering fields for, 243–45 weighted, 156
stationary illumination of, 242–67 See also Recognition algorithms

Target type recognition, 147–50
conditional probabilities of, 209–11 Wavelet RPs (WRPs), 162

Wavelets, 160–61information measure for, 153
for RP distortions by underlying Daubechies, 160–61

‘‘mother,’’ 160surface, 209–13
simulated probabilities of errors, 149 Wavelet transforms, 160–61

applicability in recognition, 164simulation of, 147–50
simulation with neural algorithm with direct, 161

discrete, 161–62gradient training, 174–76



294 Computer Simulation of Aerial Target Radar

Wavelet transforms (continued) simulated signatures for, 63–64
simulation of target detection with,inverse discrete, 161

234–36RPs, 162–64
Wideband target recognition, 202–13simulation, 162–64
Wideband tracking, 237–38Wave propagation
Wiener-Khinchin equation, 103main factors contributing to, 195–99
Wind gustssimulation principles, 192–93

estimated values of standard deviationsWedge with curved rib, geometric
of, 41parameters, 28

simulation, 40Wedge with straight rib, geometric
Woodward ambiguity function, 65, 103,parameters, 27

104Weighted voting algorithm, 156
WV transform, 103–4Wideband illumination

advantage of, 104target RCS simulation for, 74–75
deficiency of, 104target RPs for, 87–100
development of, 104Wideband signals
ISAR processing on basis of, 103–4conducting surface for, 275–77

in detection and tracking, 232–38 Yaw simulation, 40




