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DETERMINISTIC TARGETS

Sphere, plane, corner reflector, antenna

STATISTICAL TARGETS

Multiple scatterers, fluctuating targets, distributions, Swerling models
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Small target rotations about its center
of mass lead to changes of distances
between scatterers and radar.
These changes are
much larger than the
wavelength, which
results in sharp phase
changes of partial”
signals.

Radar

Victor Tutorial at the RADAR 2010, 10 May, 2010, Arlington VA, USA

h rn k: Professor Viktor Chernyak
Che ya 1929 - 2020
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Pihards, Georgia Tech

Signal from a Multi-Scatterer Target

« Assume N scatterers

—individual RCS o;
— fixed individual ranges R,

« To within a constant, we have by
superposition, in field units

y(t):ZN:\/;iexp[jZﬂf(t—2Ri/C)} exp ( j27zft \/7exp (—j4nR /2)

The voltage of the envelope detected fieldis ¢ = M

The power, which reflects the RCS is given by
= Zfexp( jarR //1)

LECTURE C-stat SLIDE 3



Radar Principles - extended

Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

RCS of Multi-Scatterer Target

+ RCS is proportional to ‘f(r)r

+ Define the “voltage” ¢ =|7|=

and “power” (RCS)

N
’ —j4n R /A
=l

;'1'1.
’ —j4nR /A
1=l

2

LECTURE C-stat SLIDE 4
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Radar Principles - extended

|, >> Range resolution ~ C/(2BW )

radar LOS

scatterers

range cell

HRRP

HRRP — High Resolution Range Profile

6
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F‘ml,m’,r ® @

DETECTION,
AND TRACKING

Assumptions (not realistic but simplify the model):
Isotropical reflectors of identical o, no shadowing, no multiple reflections
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Exponential PDF (power) or Rayleigh PDF (voltage)

0 o« RCSoc power .
1 —O - : A -A’
—expl — |, o0=0 Aoccamplitudeofield —-exp , A=0
o P(A) =1 A 2A;
0, o <0 0, A<0

o=—— |, AOZ =0 KzAO\/%, A =2A A, =ANIn4, Var{Al = A (2-7/2)
Exponential PDF, aw. Sigma =1 Rayleigh PDF, Ao=1
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Radar Principles - extended
Why Rayleigh ?

Signal reflected from M scatterers of similar size

Nadav Levanon, Tel-Aviv University

The range differences between the scatterers >> 1 = ¢, >> 2n

The modulo 2r nature of phase The Rayleigh PDF as not

. ¢, uniformly distributed between 0 and 2x developed by John William
Strutt (Lord Rayleigh I11) but

was named in his honor.

y(t)= Re{[exp( Jot+ )g, )]Z a, exp( jg, )} I[112 (EGENEE SEITE

M
Z d, exp(j¢k ) =u=r exp(j 6’) The complex envelope of the signal
k=1

U= iak COS(¢k )"‘jiak Sin (¢k)
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Radar Principles - extended

U= iak cos(¢k)+jiak sin (g, )

b

Nadav Levanon, Tel-Aviv University
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u L :
N kz_ll COS(¢|< )-I-J ZSIH (¢k ) X+ Y Vo Sl tgi inzllyﬂs assume

E(Y) |E(X)
N N
= sin(g, )=cos(¢, ) =0

-

1
— 0<¢ <2
P4 )=1 2 h=em
| 0 elsewhere

For M>>1, the central limit theory implies that X and Y are Gaussian
distributed with zero mean and variance equal to M times the variance

of cos(¢,) 2 g "
VarY =VarX =M [—cos’ ¢ dg=—
27

Next slide | 2
%

E{XY}=0=E{X}E{Y} = X and Y uncorrelated

X and Y uncorrelated and Gaussian = independent
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x 1073 M = 5000, seed =876
8 T T T
Gaussian
6 | 1
L
E 4 |
E{X} =cos(¢p,)=0
2 .
O 1 l 1 i
-200 -150 -100 -50 O 50 100 150 200
Y X
x 10
3 | 1
= 2 i E{XY} =0
(m N
1 | 1
O | 1 L 1 T
-1 -0.8 -0.6 -0.4 -0.2 0O 0.2 0.4 0.6 0.8 1
xY x 10%

E{XY}=0=E{X}E{¥}= X and Y uncorrelated

X and Y uncorrelated and Gaussian = independent
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Radar Principles - extended
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X 2 | y2
1 [-(x?+Y?)
XY )=p X )plY )=——
VarY = Var X :% p( ) p( )p( ) M7 exp{ M }
%az = Var(Xa)
2r —r’ L o<o<on
p(r) =— eXp( 2] p(0)=1 2
Ma Ma | 0 elswhere
A=rvJ2 |, A =Ma?
A — A2 With the assumption that a,=a, we got
P(A)=—exp : <A Rayleigh PDF of A. What happens when
( ) Aoz [ZASJ thi\; asg;umption does nét hglrc)j?
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Histogram of X when the sactterers are not identical
O.1 ¢ T T T T T E p(ak):]_’ Osaksl
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0.25 mean xy/= 0.1860
STD x=4.0739

0.2 / Var X = 16.5966
0.15
~theory X With the
0.1 assumption above,
we also got Rayleigh
0.05

PDF
“‘}

~simufation PDF of A (or I).

oG
0

To plot the PDF of the simulation result, we used MALAB’s ksdensity function
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COHERENT and NON-COHERENT RADAR

For a radar system that transmits a pulse train, to be called coherent, requires:
e The transmitted pulses must be coherent.
e The receiver needs to perform synchronous detection.

e The target must maintain coherence for the duration of the pulse train.

LECTURE C-stat SLIDE 1 8
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RCS 0f 5 balls, 5,=0.1[m’]

4 3 -2 14 0 1 2 3 4
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Zoom on target area RCS angular dependence of 5
g q Q 90
4 L identical balls, each & is 0.1m? 40
3
2 @
5 _
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moving, hence
-1 changing aspect angle 180 — N 0
29 toward the radar, can it =/ O\
3 T 16 be a coherent target ? 7 2 -
-4 210 \ ; / v R /330
| ‘I " ‘:\ N N

Histogram of RCS of 5 balls compared with exponential PDF
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The target must maintain coherence for the duration of the pulse train.

+
T Amp return from 5 balls, c1=0,1[m2]
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Narrow bandpass signal

f Natural envelope TR
2W
s(t) = g(t) coslm,t + g(t)] : 1 @
-, o
Y aE=NES “
s(t)=g.(t)cosw,t - ds (t)sin .t 3
. 2R
g.(t) = g(t)cosg(t) wWW

t) = g(t)sin g(t u(t) =g.(t)+ jo, (1) = 1 (t)+ jQ(t)
g,(t) = g(t)sin ¢(t) 2

Complex envelope of s(t)

g(t) =|u(t)

s(t) = Re{u(t)ejwct}
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Radar Principles - extended

The transmitted pulses must be coherent.

Coherent transmission

Nadav Levanon, Tel-Aviv University

| \ 1‘\ | ‘u \ \“ | 1 w M u N | \ u u
111 | | ﬂ “ BERRERERERR
| ] | I | | ] | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time [sec]
Zoom on the first two pulses
| [ [ [ I |
| i | | 1 | |
0 0.01 0.02 0.03 0.04 0.05 0.06
Time [sec]
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The receiver needs to perform synchronous detection.

Coherent transmission
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Coherent transmission, No Doppler shift
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Detected Q component
o

Coherent radar allows Doppler processing.

Coherent transmission , With Doppler shift
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AMPLITUDE AND PHASE OF MAGNETRON PULSES

marine
radar
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Magnetron pulse # 7
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e Magnetron is a low-cost source of high-power microwave pulses
e Magnetron pulses are not coherent

e Magnetron-based radar cannot produce Doppler information
and cannot separate moving targets from stationary clutter
(unless the phase of each individual transmitted pulse is measured and stored)
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Radar Principles - extended

Non-coherent transm ission
T

Nadav Levanon, Tel-Aviv University
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Radar Principles - extended

Why do we need both | and Q ?

Nadav Levanon, Tel-Aviv University
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Checking the coherency of the reflection from the same 5 identical balls,
each with a c of 0.1m#%
when observed from an approaching aircraft

The change in phase and amplitude, of the reflection,
after removing the common Doppler effect
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Radar Principles - extended

_ _ 2 T
o,=0,=01m .
A=02m

+
+
Radar Scene
O i T T T 4\-_7
Targe
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-1000 - -

Meters

-1500 - We neglect: §
e Atmospheric turbulence

e Target rotation, acceleration |

-20007 (maneuvering)

-2500

-3000 | .

-3500} Vy = 300 m/S -

Radar track

-4000 — :
-2000 -1500 -1000 -500 0

Meters

Nadav Levanon, Tel-Aviv University

y(t)= kzs;ﬁ expl— jar R, (t)/1]

+
yl(t) =01 exp[— j4rx Rl(t)//l]
Amp return from 5 balls, c1=0.1[m2]
14 T T

Phase - phase of one ball [rad]

-5 | | ] | | | | | |

0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 0.9 1
Time [sec]
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Radar Scene
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Radar track
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Nadav Levanon, Tel-Aviv University

Yi(t) = /o, exp[- j4z Ri(t)/ 1]

T

I

Z3’1(t)

05

1.5 2 25 3 3.5 4 45 5

Zy,(t) mod(27) -

o

3900

0.5

fg =%cos¢9= 20

0.2 /20002 + 39002

=26/7/0Hz

1.5 2 25 3 3.5 4 4.5 5
Time [sec] x10°

~ 13.3cycles
D measured 0005 sec

= 2660 Hz
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Amp return from 5 balls, cr,|=0_‘l [m2]

Phase - phase of one ball [rad]
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I 1 1 I
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2 T T T T T
w©
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o ] 1 1 1 1 1 1
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o= - —
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1 1 | 1 1 1
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Amp return from 5 balls, c1=0.1[m2]

0.78 T | I |
0.8 —\
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0.2 0.776
0 1
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| ==
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= L —_
2 8
o -0.5 ;\ —
e =
[<}] 0
s o
1
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g | g
» l o
o} . o
o} 0.05 @
=
o
=
51T : -
(D] :
0 | | | _ 7]
0.5 1 15

2 25 3
Time [sec] % 10°
Within the pulse-train the amplitude and phase do not change from pulse-to-pulse (except for a

ramp phase change due to Doppler) implying coherence.
The common amplitude is drawn from a Rayleigh PDF. The common phase is drawn from a uniform PDF.
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Amp return from 5 balls, ¢ =0.1 [m2]

Phase - phase of one ball [rad]

Y
- o

Signal
O
o
p—

o

1 | 1 | |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time [sec]

@]

From pulse-train to pulse-train (scan-to-scan) the amplitude and phase change and are
practically independent.
The amplitudes are drawn from a Rayleigh PDF. The phases are drawn from a uniform PDF.
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Radio and Communications Technology Radiotekhnika
Vol. 4, No. 2, pp. 79-83, 1999 Ne. 2, pp. 75-78, 1999
UDC 62]1.396.96

COHERENCE ESTIMATION FOR A RADAR SIGNAL REFLECTED
FROM AN AIR TARGET

M. M. Chernykh and O. V. Vasil'ev

Coherence estimation is considered for a centimeter-range radar signal as reflected from
actual air targets; the coherence interval is determined, and numerical values are obtained for
various types of air target.

Experimental results. The general method was to record signals from actual air targets at the intermediate
frequency for subsequent spectral processing by a ground-level recording system based on a highly coherent Doppler-
pulse radar working in the centimeter range. The single aircraft flew in straight stationary lines over the radar at

distances of 50-100 km at heights of 5000-6000 m with speeds of 800-1000 kmv/h under simple weather conditions.

CONCLUSIONS

An experimental analysis has been performed for centimeter-range signals reflected from actual aircraft,
which indicates the following regularities. When one observes a target of fighter class from the forward hemisphere,
the reflected signal has a strong dominant component. The coherence in the reflected signal is largely determined by
the stability of the high-frequency structure in that component. The length of the coherence interval govemns the
maximum coherent processing time and is 300-400 msec, while the correlation interval for the amplitude of the
dominant component lies in the range 450-600 msec.
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From M.A. Richards, Georgia Tech

Other RCS PDFs

 Many radar targets are not well-
modeled as “many equal-strength
scatterers”

* Many distributions have been proposed
for modeling radar targets based on
empirical measurements
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Radar Principles - extended

Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

Model Name pdf for RCS o
Nonfluctuating, Constant echo power, e.g. calibration
Marcum, plo)=8,(c-d) sphere or perfectly stationary reflector
Swerling 0, or with no radar or target motion.
Swerling 5 var (o) =0
Rayleigh / I e Many scatterers, randomly distributed
Exponential plo)=—exp [—] none dominant. | Used in Swerling case 1
: . o a :
Chi-square of . and 2 models.
degree 2 var (0 )=6 "
Dy Approximation to case ol many small
i | P (o) = — AP | — scatterers + one dominant, with RCS of
Chi-square of a : 1 3 . P _
deoree 4 ‘ dnmm_anl eqw_ll ~xsum of RCS of others.
& var (o ) = E‘/E \ Used in Swerling case 3 and 4 models.
AN
A
o= - O = A)2
/ 2 \
A — A 2A° — A?

p(A)=— exp T

RCS o is related to the received power. The amplitude A is related to A/ 0 . But if we use a square-law detector that
yields A2 we are back to the PDF of 0.
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Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

Model Name

pdf for RCS o

Comment

Chi-square of
degree 2m,
Weinstock

m—1
m HIT ey
p(o)= r(m)&[ 5 ] °XP [_nT]

Generalization of the two preceding
cases. Weinstock cases correspond
to 0.6 <2m < 4. Higher degrees
correspond to presence ol a more
dominant single scatterer.

Rice or Rician,
non-central chi-
square of
degree 2

plo)= %(Ha ]Ex}a [—a = (1+a2 ]] .
[l

Exact solution for one dominant
scatterer plus many small ones.
Ratio of dommant RCS to sum of

small RCS is a2.
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Model Name

pdf for RCS o

Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

Comment

W eibull

p(c)=CBa"" L‘:-.:pnl Bo© |
G=I(1+1/C B¢

var(o :;:H_lﬁ.l [(1+2/C) [ (1+1/C }‘

Empirical fit to many measured
target and |clutter distributions.
Can have longer “tail™ than
above cases.

Log-normal

P (@)= g e 0 (0700)/257
ﬁ:ﬁmuxp(_wgﬁ)

var (o ):r:ril u:-:p(xlj uxp(.wj ) 1 ]

Empirical fit to many measured
target and | clutter distributions,
“Tail” 1s longest of above cases.

i 15 the median value of o.

Generalized Chi

Gamma pdf
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Radar Principles - extended

TaBLE 2.3 Common Statistical Models for Radar Cross Section

Model name

pdf for RCS ¢

Comment

Nonfluctuating, Marcum,
Qwerling 0, or Swerling 5

polo)=dplo —&)
var{c)=0

Constant echo power, e.g., calibration
sphere or perfectly stationary
reflector with no radar or target
motion.

Rayleighfexponential,
chi-square of degree 2

pg(cr)=}~exp F—E]
a g |

var(o) =35>

Many scatterers, randomly
distributed, none dominant. Used in
Swerling case 1 and 2 models.

Chi-square of degree 4

4o —20
pPolo)= —5 9XPp [—_*]
a 5

var(c)=a2/2

Approxzimation to case of many small
scatterers + one dominant, with RCS
of dominant equal to 1 + +/2 times
the sum of RCS of others. Used in
Swerling case 3 and 4 models.

Chi-square of degree 2m,
Weinstock

e [ ]
P9 =Tos | P75

var(o)=&%/m

Generalization of the two preceding
cases. Weinstock cases correspond to
0.6 < 2m < 4. Higher degrees
correspond to presence of a more
dominant single scatterer.

Rice or Rician, noncentral
chi-square of degree 2

polo) = 2 (14 exp [“12 - 67(14—012)}
o a

w1 [Za\/(l + wwﬁ}

Exact solution for one dominant
scatterer plus many small ones.
Ratio of dominant RCS to sum of
small RCS is a?.

ar (o) (1‘5‘202)_2
v g)=———7370
(1+a?)?
Weibull polo)= CBoCexpl-Bo®] Empirical fit to many measured
F=T(1+1/C)B-YC ;arge% and clutt;-:r t;istributions. Can
“t N .
var (o) =B-2Cr(1 +2/C) - r'2(1 + 1/C)] C:;f:s onger “tail” than previous
Log-normal pelo)= ! exp [— lnz(a/o,n)/ilsE] Empirical fit to many measured
V2 s

G = o exp(s®/2)

var (o) =2 exp(s?)[exp(s?) — 1]

target and clutter distributions.
“Tail” is longest of previous cases. om
is the median value of &.

Nadav Levanon, Tel-Aviv University

Mark Richards: Fundamentals of
radar signal processing.
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Radar PI‘II‘ICIpleS - extended Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

One- vs. Two-Parameter PDFs

* One-parameter (mean) vs. two-
parameter (mean, shape (variance) )

— two-parameter allows separate
specification of mean and variance

— fits wider range of observations

* One-parameter: nonfluctuating,
exponential, chi-square of fixed degree

« Two-parameter: Rician, Welbull, log-
normal
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Nadav Levanon, Tel-Aviv University

From M.A. Richards, Georgia Tech

Comparisbn of RCS PDFs - 1

(.04 )
0.035 « Variance = 0.5 in all cases
« Mean = 1 for all except exponential
— exponential mean = 0.5
003 :
exponential
_ log-normal
= 0025 1
a__:, chi-square, degree 4
g 00l
%'__:, Weilbull
= 0015
(.01
(003
()

0

. =
radar ¢ross section L=
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Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

exponential

i log-normal
I _
. chi-square, degree 4
Weibul _
Rice
|: | | | :
0 1 & b

. 1
radar cross section (m-

-
—
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+ In addition to pdf, we also need to know
the correlation properties of RCS or
voltage in angle, time, and frequency

 For arigid target (building, vehicle):

— if we illuminate from the same aspect and

at same frequency, we expect the same
measured response

— if we change frequency or aspect, the
relative phase of the individual echoes
changes = measured response changes

 For natural terrain, response typically
changes over time even if radar does
not move or change frequency
—in trees, leaves move due to wind
— waves on ocean surface move

 This “internal motion” causes clutter to
decorrelate in time

— function of type of terrain, wind speed,
frequency

Nadav Levanon, Tel-Aviv University

From M.A. Richards, Georgia Tech

LECTURE C-stat SLIDE 47



Radar PI‘II‘ICIpleS - extended Nadav Levanon, Tel-Aviv University

From M.A. Richards, Georgia Tech

Pulse-to-Pulse Decorrelation

« Many detection algorithms operate on a
group of N repeated measurements
from N different pulses

— pulses will be integrated to improve SNR
* An important question is the pulse-to-
pulse decorrelation

— noise aside, do we get the same
measurement on successive pulses?

— or does it change with time?
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Radar PI‘II‘ICIpleS - extended Nadav Levanon, Tel-Aviv University

From M.A. Richards, Georgia Tech

Rotating Antenna Model

« On each rotation o 5
(“scan”), N pulses
are received from
the target

« How are the N
measured echoes -
at a given range pattern
related?

* And how do they
relate to the N new
measurements from ~
the next scan?

Ly

Radar
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Radar PI‘II‘ICIpleS - extended Nadav Levanon, Tel-Aviv University

Amp return from 5 balls, c, =O.1[m2]

Phase - phase of one ball [rad]

Signal
(@]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time [sec]

From pulse-train to pulse-train (scan-to-scan) the amplitude and phase change and are
practically independent.
The amplitudes are drawn from a Rayleigh PDF. The phases are drawn from a uniform PDF.
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Radar PrlnC|pIes - extended Nadav Levanon, Tel-Aviv University

From M.A. Richards, Georgia Tech

Decorrelation Models for

N-Pulse Bursts

« Scan-to-scan: assume the measured pulse
amplitudes on one scan are independent of
those on the first scan
— but drawn from same pdf

* Intra-scan: Two limiting assumptions are
commonly used:
— scan-to-scan: all N measurements are identical

— pulse-to-pulse: all N measurements are
independent of one another, but from same pdf

Within
a scan
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From M.A. Richards, Georgia Tech

Swerling Models

+ A significant body of detection theory has
been developed using the four Swerling
models of target RCS and Gaussian noise

— relatively tractable

« Applicable to envelope detection based on N
pulses

« Swerling proposed four different target
models formed by choosing one each of
— two different target RCS pdfs
— two different intra-pulse decorrelation models
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Radar PI‘II‘ICIpleS - extended Nadav Levanon, Tel-Aviv University

From M.A. Richards, Georgia Tech

Swerling PDFs

« Rayleigh (exponential power)

— good for complex targets with no dominant
scatterer

« Chi-square of degree 4

— approximation to case of one dominant
scatterer and many smaller scatterers
* total RCS of small scatterers = RCS of dominant

scatterer/3 €=
— Rician pdf is exact for this case
* but harder to work with

Swerling Decorrelation Models

« Scan-to-scan and pulse-to-pulse
models discussed earlier
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Swerling Models

Probability Density
Function of RCS Decorrelation
scan-to-scan pulse-to-pulse
Rayleigh/exponential Case 1 Case 2
chi-square, degree 4 Case 3 Case 4

* Nonfluctuating target sometimes called
Swerling case 0 or case 5

Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

Peter Swerling
1929 - 2000

P. Swerling “Probability of detection for fluctuating targets”, RAND RM-1217, March 17, 1954.

Reprinted IRE Trans. Information Theory, vol. 6, no. 5, 1960, pp. 269-308.

P. Swerling “Radar probability of detection for some additional fluctuating target cases”, IEEE Trans.
Aerospace and Electronic Systems, vol. 33, no. 2, 1997, pp. 698-7009.
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Personal note: Peter B e BN L & 2 s O
Swerling was a sl & C IR A fﬁ}"" ,
research assistant to T v I, : -
Jess Ira Marcum at
the Rand Corp. in the
505%. | had the
privilege to meet him
at a dinner at the
home of Solomon
Golomb in Pasadena,
CA. That evening |
learned that the
assignment to extend
Marcum 5 work to
fluctuating targets
took Swerling a whole
year to complete, The
following related
MATLAB example
can be completed in
few hours.

-
|
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Swerling Sv p"¥>1Tnn np*ma

7y NI R R ww ey i o, =0.1m”, #
SW1,SW2

7INWY X7 10 .07 77172 2W 01p°07 .02 0.35 TP0 N7 DOR REI2D QY *0INA 19°50 mmpb Ay

o, ,
. =

Xpg =X, T Ax*n__q

9
10 KZO'H, SW3,SW4
n=1

Nadav Levanon, Tel-Aviv University

1,2,...,9 nmr n7nw o5ya o07tnn 9 7y RN mwnn

1 12202W NPTLIPT MOPTIIRIPR *7¥ 1IN TIVPR L PIANT NYDN YW (2™101H3) YEIRNT DIPaT

7Y 1IN @ D2 T2 NMRT QIPOT,NPRIPR W2 113
,n=12,..9

.yn._q = fﬂ + A}'}n_q , N = 1, 2,...9
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nEAaa

FTIPIZ WV 2P 10 10T YAYR2 TIVTARA 10 N2 LRI AR 27307 PR X Y22 098 Q0 =100 Y32
1440 MY2pNR 7¥IR 932 I3 .9 174 93 NI (1 ARMYR) PP v mwms nvapnan nywan. (x = 0,1 =0)

D177 M= 144000 MIZ2P00 NI ARD2, NN
: 2902 MATLB nmimipoa wianwn? yomnn . PDF awnb v A 5w myan M
vv=linspace (0.02, 3.98);
[gdf (g, :) ]=ksdensity (A (g, ) ,vv, "kernel', 'epanechnikov', "support', 'positive');
pdf=1/0*sum (qgdf) ;

DR RIT27 12120 W2 .ARKRNT2A (3) X (2) MRno 0% v xnn PDF 7oy 9 2% vy mesons 7apnnw PDEF o nx
NP2 TR TRRNnT n72p7 v RNt PDE nYw 4 qvnen

(4) IRMWH 2w mIveyn mwn nRrpenn wrs . SWI1L,.SW2 112y nnk ovs mrehimon nR yeat v

(4) RN 2w annnnn mwn navpnn on? ,SW3,.SW4 112y mow ovon
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Nadav Levanon, Tel-Aviv University

PDF of amplitude of(10 identical balls) seed=456
0.9 | I

| L — 1 | I
A Simulation
2N X  Rayleigh
0.8 ‘ . _
0.7 A o AZ _
p(A)=—exp — |, 0<A
0.6 AO 2A0 -
A, =0.707
0.5F -
LL
)
o
04 -
0.3 _
0.2 _
\\
0.1 \\ i
0} 2 | I | l \\““'-‘-.v,,
0 0.5 1 1.5 2 25 3 3.5 4
Amplitude
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PDF of amplitude of 9+1 balls, Dominant@um of others seed=456

0.7 I | \ T 7 1 \ I
_ Simulation
X Weibull
e ' X chi-sq 4 (amp)
0.6 % ‘ X — : _
x x PO \/\\\
x .
X X 2A3 A2

L X X T

05 % p(A)=="—exp , 0<A
g x A A
x x
b 4 X
0.4 x -
. X % A =14
Q X X
0.3- X .
X b 4
x
X x
A X
b 4 b 4
X b4 X
% b 4
X X
01 % xx | | ]
X X :
b 4
x " \‘\\\ ..\\4\“.\\‘
NyeEoo0t | | { | | { DO00000000000008 RN
0 0.5 1 1.5 2 2.5 3 3.5 4
Amplitude
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PDF of amplitude of 9+1 balls, Dominant@um of others seed=456

0.7 | | | \ N4 T T T
Simulation
X  Weibull
¢ X  chi-sq 4 (amp)
\ X C-1 C
; ClA A
% ¥ ¢ p(A)==|=| exp|-|=| |, 0<A
0.5 %X 1% B\B B/
X %
b 4 X
X
b —
04l J C=2.24
" x B=1.414
o x
o
b ¢
0.3+ % -
X
b 4
X
0.2 x " -
X N
X
X
b 4
01+ % i
X
| | | \ | | o SOl
0 0.5 1 1.5 2 25 3 3.5 4

Amplitude
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Nadav Levanon, Tel-Aviv University

Model Nam e pdf for RCS o
Nonfluctuating,
Marcum, plo)=36,(c-G)

Swerling 0, or
Swerling 5 var (0) =0

Constant echo power, e.g. calibration
sphere or perfectly stationary reflector
with no radar or target motion.

Rayleigh / | Many scatterers, randomly distributed,
- ! =¥ - . . s
Exponential, plo)= Ee,w.;pu [?] none dominant. Used in Swerling case |
Chi-square of ‘ and 2 models.
degree 2 var (0 )=G "
4 -2 Approximation to case ol many small
f}- - . - a
Chi-sauare of P (ﬁ)=_—2'3-‘"l’ — scatterers + one dominant, with RCS of
' -:lehglrete 4 o dominant equal 3x sum of RCS of others.

Used in Swerling case 3 and 4 models.

Chi-square of p,(0)=x"{o:M,5}=

ot o
exp (TM —

)

degree M (5
%

j Moment generating function

o)

(o)
Clz(s)z 1—31

2
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PDF of power of 10 identical balls, seed=456
T

0.3}

I
Simulation
X Rayleigh power

O 1 1 1 1 1
0 2 4 6 8 10 12 14 15
power
PDF of power of 9+1 balls, Dominant=3 X sum of others seed=456
0.3 T T T T T T
Simulation
X Chi-square 4

0.25

0.2

=
S 015

0.1

0.05

Nadav Levanon, Tel-Aviv University

PDF of RCS or Power (SW1, SW2)

1
pU(G)deXp ? ,(7:4

PDF of RCS or Power (SW3, SW4)
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Nadav Levanon, Tel-Aviv University

PDF of phase, 10 identical balls, seed=780

U
(4
|

PDF

-
(4]
|

0.5

Q
-200

-150 -100 -50

0 50 100 150

Phase [deq]

PDF of phase, 9 + 1 balls, seed=780

200

0
-200

-150 -100 -50

0 50 100 150
Phase [deg]

200
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FEHtU"‘E AF“EIE DOI. No. 10.1109/MAES.2017.160187 EEE A&E SYSTEMS MAGAZINE

RCS Measurements and ISAR Images of Small LAVs

SEFTEMBER 20(7

Massimiliano Pieraccini, Lapo Miccinesi, Neda Rojhani, University of Florence,
Firenze, Italy

Pieraccin, M., Miccinesi, L. and Rojhani, N.
“RCS measuremenys and ISAR images of i
small UAVs”, IEEE Aerospace and Electronic E
Systems Magazine, vol. 32 (9), pp. 28-32, 2017. e
]
1
i

L S

Front End

Figure 1.

Sketch of the measurement equipment.
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Fl.gl“ e2. RCS angular pattern of SYMA quadcopter.
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Figure 3. Figure 5.

AirVision quadcopter. RCS distribution of AirVision quadcopter.

Nadav Levanon, Tel-Aviv University

Finally, by using the whole measurement set (9.270 single ac-
quisitions), we calculated the RCS statistical distribution, as shown
in Figure 10, that resulted in very good agreement with the well-
known Swerling Case I distribution [12]:

30
| <
P(U ) =—e? )
a
where ¢ is the mean value of RCS. Indeed the y* goodness-of-fit
test rejected the null hypothesis at the 1% significance level.
% T T T T T L T
0.03 o 1
330 9
®
0.025 F 4
‘ 0.02 1
0.5 4
0.m 1
0.005F 4
0 i i i T R
0 005 01 015 02 025 03 03 04
0 U[m:]
Figure 10.
RCS distribution of AirVision quadcopter using the whole measurement
set for 3D ISAR. The full line is the Swerling distribution.
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