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Abstract—This paper presents a new method to estimate the

Radar Cross Section (RCS) of a large object in itsnvironment.
This estimation method is based on dyadic Green’sufction
method which includes near-field issues. Simulatianresults are
discussed using canonical targets in a frequency ba between
1 to 20 GHz. The RCS figures taking into account # volumetric
representation of the target, the near-field regiorand maritime
environment, are presented here.

Index Terms—Radar Cross Section, Green'’s function, near-field

l. INTRODUCTION

. RCSESTIMATION

A. RCSdefinition

The formal RCS equatiorp is defined in a lossless
medium by considering the target located at annitefi
distance from the radar [1]:

£

: (1)
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o, = lim 4z R?
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i

In the remote sensing' domain, one common .appl'rmzimio whereE;j andEg are respectively the incident and the scattered
naval electronic warfare is the radar detectiorstops based fields, andR, the distance between the radar and the target. In
on the RCS (Radar Cross Section) measurement. T Real configurations, targets RCS are estimatedistartes

value of a ship can be regarded as its identitgt.darthe past,
ship manufacturers measured the RCS value afteshipevas
built to estimate its stealthy behavior. Howevéis tmethod
was too expensive and not efficient for ship macufers.
Nowadays, it is more common to predict the RCS evaifia
ship before its building to comply with the spegdfiions. This
method grants the possibility to modify the desifthe ship
to increase its stealthy behavior during the coticephase.

considerably less than infinity. Generally, theireation
distance R is assumed close to infinity if its alis great
enough to consider propagation for both incideit scattered
fields in far-field condition. In addition, the pragation
medium is not lossless in real cases.

In a complex environment, the apparent RCS figgggis
usually used [3]. By assuming far-field propagathmtween
the radar and the target, an approximated methastimate

Over the past decades, numerous methods have bgRhapparent RC8y,, is given by multiplying the free-space

developed to predict the RCS value of objects, k@
(Physical Optics), PTD (Physical Theory of Diffriact) or
MoM (Method of Moments) [1], [2]. Also, estimatiaa done
considering the free-space approximation. Howewdren a
large object is surrounded by inhomogeneous meditsual
methods do not reflect the reality [3]. Another egaeh is to
derivate de the dyadic Green’s function to estintaleRCS
value, taking into account the volumetric represtoi of the
target, the near-field region and the whole envirent
parameters.

This paper is organized as follows. In Section the
classical RCS estimation is presented for a sinspkterer
over the sea and taking into account the evaporatiaoct
effect. Section Il presents the limitation of thassical
method applied to a large target and a solutidhisoproblem
is proposed. Finally, a validation of the proposeethod is
realized in Section IV, showing the importance tie t
near-field consideration in the RCS estimation.

RCS ¢, by the two-way propagation factor which
characterizes the environment:

Oy = 00-F . )
where the one-way propagation fadiiis given by:
2 2
F2=|Eq[/IE - @3)

with Ey, the total field at the target location, afgl the field
under free-space condition at the same location.

It is important to notice that, by definition, tfemal RCS
0, only depends to the target characteristics. Hemr#ason, it
is common to assume that the target is represéytadsimple
scatterer in the apparent RCS calculation wherestaterer
RCS diagram corresponds to the formal RCS diagratheo
target. This implies that variations of the appaRES value
Ty Of @ target are directly proportional to the prggizon
factor variations when using (2).



10

|
—
o o

Propagation factor (dB)
0
=]

—-30 | — Flat sea
—— Sea state 3
4 —— Seastate 5
—405 7000 4000 6000 8000 10000
range (m)

Figure 1. Impact of the sea roughness on the two-way profmagéictor as
a function of range, at 5 GHz and for different Dlas sea states.
Radar and scatterer are located at a same hei@tm)1Results
are compared to the standard case (flat sea addatp

B. Mediuminfluence

In radio waves propagation, especially over the s
surface, medium parameters have a strong impacthen
propagation factor value. The most significant @feare the
sea roughness and the evaporation duct [3]. Seghness
effect describes the influence of sea waves onlithgsion of
EM waves, and evaporation duct effects can trap vizies
within a surface-based waveguide.

Sea roughness effect modifies propagation factdweva
proportionally to the sea state, as shown in Fighe
smoothing of curves corresponds to the multipatt dre
shadowing effects due to sea waves. We can ndtatefdr a
sea state lower than 3 (Douglas sea scale), remd@tsimilar
to the standard case (no duct, flat sea) after 1 Fon sea
state upper than 3, the observed propagation faetole is
lower and merges with the standard case curveefarth

Furthermore, evaporation duct effect increases
decreases the propagation factor value. The imphdhe
ducting effects on the propagation factor is showig. 2 and
compared to the standard case (no duct, flat ssahown in
this figure, the impact of this effect on the prggtion factor
value depends strongly to the radar range, thettdogation
and the evaporation duct properties.

TABLE I. DESCRIPTION OF THE IMPACT OF THE SEA ROUGHNESS AND
THE EVAPORATION DUCT ON THE PROPAGATION FACTOR
;:t; Description rou;?\ess Evaﬂﬂr;m on
0 Flat sea %] ++
1-2 Small sea waves — ++
3-4 Moderate sea waves + +
5-6 High sea waves ++ —
>6 Very high sea waves ++ —

++. Very strong impact, +. Strong impact, —. Lowpaet, @. Inexistent
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Figure 2. Impact of the evaporation duct on the two-way pgaen factor

as a function of range, at 5 GHz and for differéatt heights.
Radar and scatterer are located at the same Ha@tim). Results
are compared to the standard case (flat sea addatp

Consequently, evaporation duct and rough sea mast b

considered together in RCS prediction models. These

ects can work in the same way (decrease RCH) tre
opposite ways. Table 1 roughly summarizes intesacti
between sea roughness and evaporation duct foeretiff
Douglas sea scale.

. RCSOFA LARGETARGET

In this section, a large target is considered. A@xs on
Fig. 1 to 3, for a standard case (no duct, flaj,dba position
of the scatterer already has an impact on its R8ording
to Fig. 3, the observed two-way propagation factdues vary
from +12 dB to less than -30 dB depending to thettsrer
height. In the case of a large target, its heighitweight the
propagation factor value. Thus, the target canamgér be
described by a simple scatterer in (2) but by aEstatterers
or by meshed surfaces.
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Figure 3. Two-way propagation factor over the sea as a fanadf scatterer

height in a standard case (no duct, no roughnessgrved at
10 km from the radar for a frequency of 10 GHz. Thdar is
located 10 m above sea level.
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Figure 4. Minimum far-field distance as a function of thegetr dimensions
D, for different frequencies between 1 GHz and &G

Additionally, as the volumetric behavior of thegar is
taken into account, the far-field assumption coz®d in (2)
must be verified by using the Fraunhofer's fardieriterion
in forward and backward propagation:

d>2.D%/x. 4)

Forward

+ Backward

Figure 6. lllustration of the forward and backward propagatio

By considering a 40x15 m-sized naval target, the
minimum Fraunhofer distanakis equal to 107 km at 10 GHz
(Fig. 4) while the radar line-of-sight for an ameanlocated
25 m above the sea level is equal to 40 km in siahd
propagation conditions. Here, the far-field assuomptis
invalidated in the case of the backward propagdiien from
the target to the radar). Thus, backward propagatiall take
into account near-field issues by a perfect desoripof the
target's volumetric characteristics. A hotspotsrasentation
could refer to the latter (Fig. 5).

These simple remarks contradict the rule which méte
forward propagation factor to the backward one,chs the
far-field assumption. A subdivision of propagatifatctor, as
illustrated on Fig 6, should always be definechd# backward
or forward propagation do not respect the Fraumtofe
criterion.

Thus, the RCS estimation of large targets oveste like
military vessels, must take into account the neddf
consideration. This implies that the apparent Rgsmust be
specified by a more suitable expression, derivexnfithe
exact RCS formula including near-field considenmaf{i:

whered is the minimum far-field distance, D is the lartges

dimension of the target ands the wavelength.

Radar antennas are specially designed to minirhzsitze
of the near-field region. Generally, the far-fielegion starts
relatively close to the antenna in comparison ® ¢bmmon
radar range. According to this, the far-field proaton
assumption remains true
propagation (from the radar to the target).

For the backward propagation, it is known that target
illuminated by an electromagnetic wave will actelikan
antenna. In naval applications, targets dimensfpeslength
or height) are generally greater than 10 m andctitremon
RCS measurement range for a ship is close to 10 km.

g [n]

Figure 5. ISAR figure of a ship to illustrate hotspots pheeoon.
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ME

O opp =47 Rz (5)

in the case of the forward whereV, is the magnitude of the transmitted EM fiek],

the medium impedance, ands, the conjugate of the
scattered magnetic field.

In this case, a solution to determine the scattietdiEg is
the use of dyadic Green’s function, developed frecalar
Green’s function [5]. This choice was based onftilewing
criteria:

* This is an exact method which includes near-field a
far-field considerations.

e This function is applicable in the 2D and 3D
configurations.

The scattered field computed by this method can be
formulated as follows [6]:

Es(P)= jouo [[[T(MPYIS(M)AV(M).  (©)

where w = 27f is the pulsation of the EM fieldis, the
permeability of vacuum],, the surface current density on the
target surface/, the dyadic Green’s function [6}4, a point
located on the source, afd the location of the receiver. The
RCS of a large target is then estimated by appl¢hin (5).
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Figure 7. Free-space monostatic RCS as a function of ramgea flx1 m
PEC plate, for normal incidence at 15 GHz.

IV. SIMULATION RESULTS

To evaluate the dyadic Green’s function method @SR
estimation, the free-space RCS figure computed Hig t
method is compared to the free-space RCS figuienatstd
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Figure 8. Free-space monostatic RCS as a function of range 1®x10 m
and 20x20 m square plates, for normal incidend® &Hz.

The last remark is already observed on the RC3digfia
20x20 m PEC plate located 10 m above a flat sd® &Hz
(Fig. 10). In this case, the dyadic Green’s funttimethod
figure is close to the formal one from 9 to 35 khis however
important to specify that the RCS values are cosgpuor

from the formal method given by (1) and from the P@rgets in vacuum, standing over the sea and hymasg a

method [4]. Thus, the free-space monostatic RC8 bk1m
perfectly electrical conductor (PEC) plate at ndrineidence
is calculated at a frequency of 15 GHz (Fig. 7).géod
agreement is observed between the results frondyheic
Green’s function method and from the PO method.ddweer,
by comparing these two methods to the formal onenes
important variations of the RCS value are obseprethe first
60 m. This implies that a near-field RCS is obsdregen if
the near-field zone is located close to the radsr t the
small sizes of the plate.

flat earth. Thus, the ranges where these two RE@8igiron
methods correspond could differ in a more realiafiproach
by taking into account atmosphere and earth cur@atu

Finally, to take into account the impact of seagfmess in
RCS estimation, the Miller & Brown coefficient [7s
implemented into the dyadic Green’s function. ThER
figures of a 10x10 m and a 20x20 m sized PEC flatep
located 10 m above a rough sea are computed atHk0aGd
for different Douglas sea states (respectively Eig.and
Fig. 12). As expected, a smoothing of curves ieoled when

To illustrate this phenomenon, simulations on largghe sea state increases. Moreover, the apparent flRG®

targets are needed. Thus, free-space monostatic RGS
10x10 m and 20x20 m PEC flat plates are computéueaX-

band frequency of 10 GHz (Fig 8). Results are capBph&o

the formal RCS value computed by (1). As expedtesinear-
field behaviour of the RCS is observed for morenigicant

distances as the sizes of the plate increase.dntle2 RCS of
the 2020 m plate is still in the Rayleigh regiori@ km.

Afterward, for a more realistic approach the sdacefis
implemented in the dyadic Green’s function methidte RCS
of a 10x10 m PEC plate located 10 m above a flaiséhen

computed at 10 GHz (Fig. 9). As expected, importa

differences between the free-space formal methpdrid the

approximated method (2) or the dyadic Green’s fonct
method are observed. Moreover, the approximatechadet
and the dyadic Green'’s function method resultsegrévalent

when the size of the target is small compared & rddar-

target distance (Fig. 9 and Fig. 10). It is alsteriesting to

point out that the apparent RCS figures computedthay
dyadic Green’s function over the sea meets thedbone for

some ranges.

becomes close to the free-space RCS figure fongteea
states.
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Figure 9. Monostatic RCS as a function of range for a 10x1BEC plate
at normal incidence centered at 10 m above adkats 10 GHz.
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V. CONCLUSION

In this paper, RCS estimation of large objects avah
environment is investigated. It is shown that usmathods

developed for complex environments met some impbrte

lacks of precision as the target dimensions inerebwleed,
presented results show that the backscattered
computation in RCS estimation of large targets ralgts into
account both near-field and far-field issues. Inesth
conditions, a dyadic Green'’s function method isppsed and
validated with results obtained from canonical Pgl&te
targets in vacuum, standing over a rough surfaceventer, a
final RCS representation taking into account negdfissues
and atmospheric effects have not been implemergeohyour
dyadic Green's function model.

In this way, our future work in RCS prediction wilad to
include atmospheric parameters in dyadic Greerrstion.
Starting from this method, a complete validationresl data
shall be made.
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Comparison of RCS values for different Douglasstates.
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