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Learning outcomes of this lecture

In this lecture we will

v

Study the properties of electromagnetic waves

Define the radar cross section (RCS)

Understand basic scattering and reflectivity physics
Understand how two or more scattering centers interfere
Illustrate some high-frequency scattering effects
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FIGURE 1-1 =
Major elements
of the radar
transmission/

Protector | \ |i----------------mm :

Switch Detection

Signal and
Detector Proce:;sor|_> Measurement

Results

Receiver

reception process.
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Electromagnetic waves

The time-harmonic Maxwell's equations in linear media are (where

all fields have time dependence E(z,y, z,t) = E(z,y, 2)el*!)

VX E=—jwB =—jwuH
V x H =jwD = jweE
where € and p are the permittivity and permeability of the

material. A plane wave propagating in direction k is given by
(where we use Ve #F R — _jke=i0R or v — —jk)

E = By WFE) kx Ey=wuH,
H = Hoej(wt_k'R) kx Hy=—weE

The cross products mean (Eg, Hy, k) is a right-hand triple like
(z,9, 2). In addition, the equations imply k = w,/éx and the

ratio |Ey|/|Ho| = \/i/e =1, where 1 is the wave impedance.
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Vector analysis, linear algebra

The vectors have three components, one for each spatial direction:

E=E,&+E/g+E.2

In particular, the position vector is 7 = x& + yy + zz. Vector
addition, scalar product and vector product are

ryxXr
re o 1 2 i
2
|
T9 2 i v
r1+ 72 T1 1
72| cos

» Addition: 71 + 19 = (1'1 + $2)i + (yl + yg)@ + (Zl + Zz)i.

» Scalar product: 71 - re = |r1||r2| cos @ = x122 + Y1y2 + 2120

» Vector product: orthogonal to both vectors, with length
|r1 X ro| = |7r1]|re|sing, and 1 X ro = —7ry X 7.

TXY=2, YXz=2, ZXT=19Y

6
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Vector analysis, differentiation
(not necessary to understand the book)

The nabla operator is
.0 0 0
V=ag T Yoy e

The gradient, divergence, and curl operations are

99, .99, 99,
VI= 5.8 5,9 T 8"
0 0 7]
E=_—F, K, E,
VE=5. " 5,
V><E*£i><E+£A><E+—£><E
Oz Byy 0z
. . - - Ez
Cartesian representation (useful in numerics): [E] = | Ey, | and
E-
0 0 O E, 0 01 Ey 0 -1 0 Ey
VxE =£&Z|00 -1 B |+&|0 0 0] [E|+&|1 0 0] |E,
01 0 E, -1 0 0 E, 0 0 O E,
=[§<E] ~ExB]

=[x E]



Misprinted equations

Unfortunately, the vector cross product sign, X, is sometimes not
printed in the book. The correct versions of the affected equations

are below:
> (6.5) P =1Re(E x H*) W/m?
> (66) Etotal X = (Einc + Escat) < f=0

» Page 216, paragraph 2, line 3: 7o x E5" = —p x B¢
Comment: the vector product has amplitude
|n x E| = |n||E|sing = |E|sing

where ¢ is the angle between the unit vector . and the vector E.
Hence, n x E represents the part of E orthogonal to 7 (tangential
to the surface if n is a surface normal).



Frequency and wavelength

The electric field is E(x,y, z,t) = Ey cos(wt — kz)&. The
wavelength A is the periodicity in z, determined by (using w = 27 f
and wt —kz = w(t — kz/w) = w(t — z/v))

w 27

— E= 2
Af=v = ” 3

The polarization corresponds to the direction of the electric field.
The wave depicted above is linearly polarized in the z-direction.
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Polarization

Vertical Horizontal
Right hand Left hand

See the animation program EMANIM.

10/5

N


http://emanim.szialab.org/

Right-hand rules

Let the propagation direction k be along the thumb. At any time,
E, H, and k are orthogonal to each other.

Linear polarization Circular polarization

rotation

dj); -kn

&
j &%

FE oscillating along Horizontal FE rotating along Right or Left
or Vertical direction, H along hand fingers, H rotating the
the other. same but at right angle.
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IEEE definition of left and right

With your right hand thumb in the propagation direction and
fingers in rotation direction in a fixed plane: right hand circular.

E(t) 2 right-polarized E(t) = left-polarized

forward moving forward moving
z z

Y Y

E(t) left-polarized E(t) right-polarized
backward moving backward moving

—z —z
Yy Yy
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Refractive index and wave impedance

From the expression of a plane wave
E = Egel@t—kR) _ Eoejw(t—fg.R)

where k/k = k is the propagation direction, it is seen that only the
projection of the position vector R in the propagation direction k,
k - R, matters, and the speed of propagation is

w 1 c €N
v=—=——=—, where n=,/—

koo Vew n €0fto

The refractive index n is the speed of an electromagnetic wave in a
material (v), relative to the speed in vacuum (c). The wave
impedance in the material is given by (denoted by 1 or Z)

|E| \/ﬁ
— = —_ = :Z
H] Ve "
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Plane waves vs spherical waves

The plane wave is a beautiful theoretical tool, but it typically only
applies locally around the target or transmitter/receiver.

A

R ad

transmitter ®__ | | ) ) ) DI target

=il )] -

The wavefront is spherical close to the transmitter, but
approximately plane at the target if the range R satisfies

2D?
R>ZL
D

where D is the diameter of the target and A the wavelength.

14 /57



Induced currents

Assume the target is made of metal. The electrons move around so
as to cancel the field inside the metal, quantified through the
boundary condition (zero tangential electric field)

Etot X Al = (Einc +Escat) XHh=0

Source !

Induced charges
and currents

FIGURE 6-3 = Charges and currents: are induced on a PEC to satisfy the perfect conductor

boundary conditions of zero tangential field (short circuit); and, consequently, re-radiate a
scattered field ES8t, From Knott [3].

A more general boundary condition is E' = Zgn x H', where

Zg is the surface impedance (Zg = 0 for perfect conductors). This
does not change the general results in this lecture.
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Radiation

Since the incident field is oscillating like €%, the induced surface
currents Jg and surface charges pg on the target will oscillate with
the same frequency and radiate a scattered field E5".

FIGURE 6-4 = PEC
induced currents
and charges
reradiate a scattered

field [1].
Incident Field
Characterized by
Direction and
polarization Scattering Body on Envelope of Scattered
which are induced Field due to Induced
Currents and Charge: Sources on Scatterer
J,p
scat . S (Rs)
B (R) = [ (—jond (Rog(R — R + BB g4(m - ) ) as(R.
o—ik|R¢—Rs|

The function g(R; — Rs) = “Ri—m| s called the Green'’s
function, corresponding to radiation at field point R; from a unit
point source at R;.

16
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Scattering theory definitions

At large range from the scatterer, the scattered field can be written

—jkR .
Escat _ e - F(kscat)

where F(IQ:SCaLt
£ Given knowledge of scattered electric and magnetic fields E®

and H?® on a surface S enclosing the scatterer, this is

) is the far field amplitude in scattering direction

F(k) = LI /S [k X (7o X o H®) + E* x n} ek 45

47

The bistatic scattering cross section is

~ scat

Escat ( k )

2 ‘F(kscat) 2
=47 |2

~inc »scat ‘

ou(k k)= lim 47R?
R—o0

~inc, |2

‘Einc(k ) ’Einc

and the monostatic radar cross section at incident direction k is

o(k) = o.(k, —k)
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Simulations

The scattering theory can be implemented numerically. This
provides excellent tools to compute and visualize the scattered
field.

http://falstad.com/emwave2/ http://www.comsol.com
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http://falstad.com/emwave2/
https://www.comsol.se/model/radar-cross-section-8613

Outline

@ Radar cross section definition
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Radar cross section

In this chapter, power density is denoted by P instead of @) as in
Chapter 1.

FIG.U.RE 6-9. - . Power density at target
Intuitive derivation of from transmitter, P, W/m?2

radar cross section

_
1. Intercepted
_— TARGET power radiated
—_— Power intercepted is uniformly about
(o P™ Watts) solid sphere
—_—

The IEEE definition of RCS is

Escat 2
o4 i arp2 B
R0 | Eme|2

which is motivated by intercepted power o P and isotropically
radiated scattered power density P5 = (g P"¢) /(47 R?).
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Factors affecting the RCS

The bistatic RCS of a target depends on the following factors:

» Target geometry and material composition.

Direction of transmitter relative to target.
Direction of receiver relative to target.
Frequency or wavelength.

Transmitter polarization.

Receiver polarization.

vV Vv VvYyVvyy

Scattering Obstacle
Eine

< f

>

Bistatic

Angle ﬂ\
Bistatic
Scattered

Field

Monostatic
Scattered Field
(backscatter)

FIGURE 6-10
Monostatic or
bistatic target cross
section cases.

In a monostatic setting, transmitter and receiver are co-located.
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Polarization scattering matrix

It is sometimes necessary to keep track of polarization. In general,
the polarization scattering matrix (PSM) S is defined by

~scat ~scat ~inc ~inc

Escat(k ) :S(k ,k ).Einc(k )

~scat ~inc .
where the arguments k and k' are often left out to write
E = S. E™° The PSM can be represented in linear

polarization
B\ _ (Svv Svm) (EV°
Efpat Suv  Sun/) \Eg°

or circular polarization

()~ (3 ) (&)
Eicat SL H SLL Einc



Converting between polarizations

The relation between LP and CP in transmission is

(2)=0 5 @) = @)-500)E)

and in reflection we have (due to different propagation direction)
(2)-70 &) » @)-505E)
E)  v2\l j)\Ey Ey)  v2\i -i) \EL
Hence, the polarization scattering matrix in LP and CP are related
by
(SRR SRL) _ 1 (1 —J) (SHH SHV) (1 1)
SLr  SLL 2\1 j /) \Sva Svw/)\-j j

Note that the sense of rotation of circular polarization changes
with each reflection.
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© Scattering regimes
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Sphere scattering

10

Dipole = Front Face

FIGURE 6-12 =
Sphere scattering
from Rayleigh,

Moment

—

Creeping Wave

0.1 @

0.01

olraZ

Raylf:igh Reson'ance Opﬁcs
Region Region Region

resonance, and

0.001
0.1 1 10

_2ma
T2
Sphere Circumference in Wavelengths

100

In the following slides, scattering from an oblong object is shown.
Note the outmost spherical shell corresponds to a material layer
absorbing outgoing radiation, and does not correspond to a

physical region.

optics regions, [1].
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Low frequency: Rayleigh scattering

f=1/8

[ =fo/4

y

J \

J

| ?// .
\ /

Incident field Scattered field

Total field

26/
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Intermediate frequency: resonant scattering

27 /57



High frequency: optical scattering

Incident field Scattered field Total field
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Scattering mechanisms

TABLE 6-1 = Scattering Mechanism and Relevant Scattering Regime

Scattering Mechanisms

Scattering Regime

Comments

Dipole

Surface waves

Specular

Multiple bounce

End region

Edge diffraction

Discontinuities, gaps, cracks

Dipole

Resonance

Optics, resonance

Optics, resonance

Optics, resonance

Optics, resonance

Optics

Small scattering varies as the fourth power of
frequency and the sixth power of size.

Traveling, edge, and creeping waves; grazing angle
phenomena; depends on polarization

Angle of reflection = angle of incidence for planar,
single-, and double-curved surfaces

Few bounces (e.g., corner); many bounces
(e.g., cavities)

Sidelobes of a plate or cylinder from the ends
of the surface

Diffraction in the specular direction; depends
on polarization

Surface imperfections important at higher
frequencies

29
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Outline

O High-frequency scattering
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Superposition from several scatterers

Eoe_jk'R | 127 - Ry

R,
R

T
5|

R;

k- Rs

When several scatterers are subjected to an incident wave
Ege 7% B the backscattering is (complex addition)

2

Otot =

N
§ /_Ui eijk'Ri
=1

31/57



Phasor addition

oy = 0.2507

120°

—150° 150°
80°
oy =0 dBsm ) 05 =-20 dBsm
(1.0 m2) .25 m? (0.01 m2)

FIGURE 6-14 = Phase sum of two point scattering centers of different magnitudes. Scale:
dBsm, 10 dB/div.

Two scatterers spaced by 2A. Strong interference when scatterers

have equal amplitude, dominated by the strong scatterer when
they are very different.

32/57



Specular scattering

When the surface normal n of a relatively flat surface points
toward the radar, there is little variation of k - R over the surface.
Hence, the phase does not change much, and we have coherent

addition:
FIGURE 6-17
Specular point
constant phase
current region for
backscatter when
viewed from the top.

AQ

C
Ospecular = 47r>\—2p, Acp = area of constant phase

R
2
o =7mR.1R. double curved surfaces

Loy ~ length of constant phase, R. = radius of curvature

27 .
Ocyl = ““R.L? cylindrical surface
)\ 33/57



End-region scattering

Scattering from a metal plate shows significant side-lobes. At
off-specular directions, only the edges are scattering in the
back-direction.

FIGURE 6-18 =
Backscatter from

a flat plate when
viewed
perpendicular to an
edge. The side lobes
are due to the
truncated end region
currents phase
adding/subtracting.
The first side lobe is
13 dB down from
specular. Scale is

10 dB/div.

The effect is due to truncation of currents on the flat plate.

3457



Metal

plate at different orientations

FIGURE 6-19 =
Plate backscatter
showing end region
side lobe scattering:
Left) Viewed
perpendicular to

diagonal

a00

Down Range (meters)
g

e

BT 00

Cross Range (meters)

E

FIGURE 6-21 =
FIGURE6-20 *  piat piate physical
Flat-plate physical optics end rogion
optics end-region return for oblique
return for oblique 45 degre incidence

backscatler looking agenalofpate.
perpandicuar 0 Thase mch smater
edge of plate. These gng regions produce
end regions podUCeicer il oo
thosido lbasas  anvelopes as ey

they phase add or - phase add/subiract
subiract.Image  compared to looking
anaytialy perpendiculr to an
putecusing  odge Image
physical optics  analytally
curtents;that s, computed using

edge diffraction is  physical optics

notincluded, which current; that s, edge

atthis angle is not _ difraction s not

yet significant, Plate included, which at

sizeis . this angle s not yet
significant. Plate size
s 50,

Down Range (meters)

Scattering from

edges is stronger
than from corners.

30

Y

a0

50
e

E BT 0
ross Range (meters)
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Edge diffraction

When a wave is incident on an edge, a line source current is
induced. At oblique incidence it radiates in a cone.

FIGURE 6-22 =
Keller cone of edge
specular reflected

rays. Cone is due to
symmetry of wire é
like local edge

currents. Cone is the

specular direction(s) \
of the incident ray, ~

(from Knott [1]).

Monostatic return only at normal incidence, o ~ L?/7.

FIGURE 6-23 =

Edge diffraction _— ~

depends on

polarization: E

parallel or E

perpendicular to

ecige. L,,Qj <.<>
E

E Parallel E Perpendicular
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Multiple bounces

When two specular reflections combine at 90° angle, strong
backscattering occurs, so called corner reflectors.

FIGURE 6-24 =
Multiple bounce is
two or more

specular scatters
which reflect back to

a radar.
20 FIGURE 6-25 =
Multiple bounce
10 dihedral backscatter
showing a large
E central region of
% scattering [Knott, 1].
g 10
Q -
—30
-9 -60 -30 0 30 60 90
Aspect Angles
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Corner reflections

Incident field Scattered field Total field

(Corner reflector, cat eye)

38/57


https://en.wikipedia.org/wiki/Corner_reflector
https://en.wikipedia.org/wiki/Tapetum_lucidum

Multiple bounces

The specular reflections do not need to be at flat surfaces. Many
different combinations can occur.

FIGURE 6-26
Multiple bounces
can exist fora
variety of geometric
arrangements.

FIGURE 6-27
Doubly curved
surfaces often form
corner reflectors
with other surfaces.

d

When designing stealthy objects, it is important to find shapes
with as little corner reflections as possible.
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Metal plate, different methods

Diffraction important at low levels of scattering.

Horizontal polarization

Vertical polarization

10

——- Geometric

===+ Physical optics

diffraction theory | |

- = - Geometric
diffraction theory
=== Physical optics | |

N
é ol A A :
: \ :
3 A | !
2 " h , aN /
.
i ' ~ ASA
h!

-30 e
2
A
' \\
400. . Izol I40' : 60 s;o 00 0 I20' : '40I : 64; 30

Aspect Angle, Degrees

FIGURE 6-28 = RCS patterns of a 6.5 in. square plate at a wavelength of 1.28 inches
viewed perpendicular to its edges [from 7].

100
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AT aircraft

FIGURE 6-29 =
A7C Corsair RCS
measurement set up
at the Navy Junction
Ranch Range.

ATC Corsair

42 /57



AT aircraft

FIGURE 6-30 = 60.0 dBsm
A7 C measured
backscatter for
horizontal
polarization at

9.5 GHz, 20 dB/div.

270°

180°
ATC Corsair II Baseline
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AT aircraft

Down Range Distance (feet)

10
Cross Range Distance (feet)

FIGURE 6-31 =
A7 down/cross
range image
measurements when
perpendicular to
wing leading edge
for horizontal
polarization at
X-band [Navy
Junction Range
Range].
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Stovepipe aircraft

“Stovepipe” RCS

backscatter model.

FIGURE 6-32 =



Stovepipe aircraft

FIGURE 6-33 =
Measured and
Physical Optics
predicted RCS for
“Stovepipe”

geometry at C band.

0° Computer

Compact .
Prediction

Range Test _30°

‘Flat Disk Specular
and Leading Edge of -
Horizor_\tn.l,Stablizer

-150°

180°

Ring spacing = 10 dBsm (5 Ghz)
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Stovepipe aircraft

Trailing Edge Diffraction

8 1T l A
e5)
|
6 ™~ il
™~
4
—
'g 2] = ] e — J
N 7] ™
& ] N
g 0 ~
: > A
g Fy N {f: Discontinuities ||
g _2 \_/\ (cylinder & wing)
_4 -
[~ Curved Edge [ S
| | Diffraction N —
-6 /
\
\/
-8 N
-8 -6 -4 -2 0 2 4 6

Cross Range (meters)

FIGURE 6-34 =
“Stovepipe” nose
view scattering
centers.
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Stovepipe aircraft

FIGURE 6-35 = 8
“Stovepipe”
broadside view
scattering centers.

i

Down-Range (meters)
<o
@\ 11
\ /
\ /
\/
Vil

] — .
L] /
—2 ] 1
T | =
[l | ~
N L1 | |
- Specular from | / Specular ||
Vertical Stablizer | from Cylinder |
-6 |
-8
8 -6 -4 -2z 0 2 4 6 8

Cross—Range (meters)
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Stovepipe aircraft

FIGURE 6-36 = 8 \ ’A‘ 1
“Stovepipe” tail view 7\l
scattering centers. o 7\
4
— O
Z =
g 2 - IS
é P —~ = ~_ ||
2 oo —d i
g T i
§ -2 I
o - M aEEE
a || Leading E:
|-}~ Diffractions | A~
-4 S <
= "L- V7 /_\ o I
-6 _Specula.rﬁ'om
| Flat Disk
| T
-8 mEi N T
-8 -6 -4 -2 0 2 4 6 8

Cross—-Range (meters)
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Stovepipe aircraft

Down-Range (meters)

L /1
ss gl /
] \
NS \
\
\
| | | Leading Edge Diffraction TN
-8 -6 -4 -2 0 2 4
Cross-Range (meters)

FIGURE 6-37 =
“Stovepipe” wing
leading edge view
scattering centers.
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Stovepipe aircraft

Down-Range (meters)

/
7/ Specular From Cone
L/
-8 -6 -4 -2 0 2 4 6
Cross-Range (meters)

FIGURE 6-38 =
“Stovepipe”
scattering centers
when viewed normal
to front nose cone.
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Conclusions

We have reviewed basic scattering theory and how it relates to
RCS.

Three different scattering regimes: Rayleigh, resonance,
optical.

Interaction between multiple targets.

Scattering mechanisms: dipole, surface waves, specular,
multiple bounces, end regions, edge diffraction, discontinuities.
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Discussion

Pair up the different materials with the corresponding relative
permittivity!

1. Vacuum A 21
2. Teflon B. 5000
3. Rubber C. 7

4. Barium titanate D.1
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Discussion

Pair up the different materials with the corresponding relative
permittivity!

1. Vacuum A 21
2. Teflon B. 5000
3. Rubber C. 7

4. Barium titanate D.1

Answer:

1. Vacuum D.1

2. Teflon A 21
3. Rubber C. 7

4. Barium titanate B. 5000

A rule of thumb is that permittivity is higher the denser the
material. BaTiO3 is a ferro-electric material, which has
exceptionally high permittivity and is used in capacitors.
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Discussion (tough one!)

The scattering in the forward direction is significantly larger than
in other directions. Why?

) Scattering Obstacle FIGURE 6-10 »
E™e Monostatic or
bistatic target cross
ke ( section cases
TN |

Bistatic

Monostatic
Scattered Field Angle
(backscatter)
Bistatic
Scattered

Field
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Discussion (tough one!)

The scattering in the forward direction is significantly larger than

in other directions. Why?

Scattering Obstacle
Einc

s
Monostatic Bistatic
Scattered Field Angle
(backscatter)
Bistatic
Scattered

Field

FIGURE 6-10
Monostatic or
bistatic target cross
section cases.

Answer: For a large object, we expect a shadow. The scattering in
the forward direction needs to cancel the incident field in order to
create a shadow, E*°' = E'™° 4 E5 ~ 0. Since E™ = Eye kR
does not decrease with distance but E® does, it needs to be
sharply focused to maintain the shadow at large distance.
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ISCUsSIon

D

IS 1

The face below

p,

SOAR
SN
S

’
4
%

5mm). Numerical mesh on the left, phase

distribution on the right. Identify some of the strongest specular

reflections!

7

lluminated from the front and below by a

IR
S

Between the eye brows, on the nose tip, on the upper |

and on the chin.

60 GHz radar (A

Answer

< Go back

56 /57



Discussion

Why is the RCS so sensitive to angle?

FIGURE 6-30 = 50.0 dBsm.
A7 C measured — F
backscatter for

horizontal

polarization at

9.5 GHz, 20 dB/div.

AT Corsair I Baseline.
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Discussion

Why is the RCS so sensitive to angle?

FIGURE 6-30 =
A7 C measured
backscatter for
horizontal
polarization at

9.5 GHz, 20 dB/div.

AT Corsair I Baseline.

Answer: Many different specular reflections and multiple bounces
are interfering to form the total RCS

N 2

—j2k-R;
Otot = E Voie™ *

=1

57
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