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1. INTRODUCTION

Navigational radar equipment plays an important riidethe safenavigationof vessels by providing reliable, safety
related traffic information to thanariner. Radar enables the surveillance of the traffic situation arainedvessel,
including landmarks, other vessels avidrine Aidsto Navigation(AtoN). Radar has the capability to detect objects
even in poor visibility conditions such as darkness, fog and, with some restrictions, even in heavy precipitation
snow or hail.Radarhas the advantage that it can detect objects which are not equippel aviradar system
themselvesThe probability of detection of an object by radshighly depenéntonthe magnitude of the reflected

radar wave from the objedtack to the radar

However, not all objects reflect the radar wave with the same intensitpedding on the geometry, dimension,
material properties and roughness of the surface. Large structures, such as big vessels, typically made of steel, ¢
well suited for detectiorby radar since metal is a good conductor of electric currents and theredflexts almost

all of the energy of an incident electromagnetic wave. Other objects, especially when made -nfetalic
materiak such as plastic, do not reflect the electromagic radar wave as well.

To increase the probability of radar detectionasf object while making the reflectn propertiesconsistentand
measurablea strucure can be equipped with a radar reflector.

Radar reflectors are optimized to reflect the ineid radar wave back to the radar with the highest possible
intensity.

When €lectingan appropriateradar reflector for an application, mechanical and construction aspects have to be
considered.

It is recommendedo considerequipping AtoNwith radar refectors to make them me detectableto vesselsising
radar.

2. SCOPE

ThisGuideline deals exclusively with passive radar reflectbr&omparison, active radar reflectors, such as radar
markers andadar target enhancey, have better radar reflectivity pperties, but for largescale deployment on
AtoN in adverse maritime environmts, passive radar reflectors aneore suitable.The main reasons for this are
that passive radar reflectors have

highrobustness
along service liféusually as long as th&toN itself);
little or no technical maintenanaequirements

highreliability; and

= =/ =/ = =4

low total cost of ownership

This Guideline is intended to help maritime administrations and manufacturers to selectadéfine a suitable
sizedradar reflector for a AtoN. Among other things, it describes

91 applicable international requirements and standards

9 theoretical principles of radar waves and their reflection
1 examplef radar reflectors in useand
1

examples ofange calculatios
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Racons and Radar Search &egue Transponder (SART) aseluded fronthis guideline.

1 Forracons see IALA ReomendationR(L01 Marine Radar BeacorRagons)[1] and IALA Guideline
Gl010Racon Range Performani@.

1 Radar SARTasubject to TUReommendationI TUR M.6283 [3].
Luneberg reflectors arexcluded fromthis guideline.

Luneberg reflectors are applications of the-called Luneberg lens. Luneberg lenses are otadént,
inhomogeneous dieledir spheres4]. They offer over the complete azimuth and up to an elevation of about 20°
an almost constant reflection value. As a result, they are ideal to be used as a reference radar reflector in «
measurement environment. Howey, they have not yet become signifigefor usage on AtoN. The reason for this

is the unavoidable absorption and reflection losses in the dielectric material. In addition, they do not have any
mechanical strength; even slight damage to the protectiverigpsesarisk of water penetrating ito the interior

of the lens and rendering it ineffective. Luneberg reflectors are considerably more expensive and can be produce
economically only up to a certaRadar GrossSection RCSexplanation see sectioh6) size (order of magnitude
10m3).

Note: This guideline focuses dhe 9 GHzadar -band)as itprovides better azimuthal resolutioand is more
commonly useadompared to the 3 GHz rad¢®band) The 9GHz radar is the prefexd radar on board of vessels.
Therefore, the radar reflectors are optimized for the 9 GHz radar.

3. NOTES ON THE APPLICATION OF THIS GUIDELINE

As described in the scope, thBsiideline is intended to hel find an appropriateradarreflector for a particur
application.Using tke Guideling this can be donby the following steps

3.1. THEORETICAL BE&SI

Sectiondl, 5 and6 give an understandngto the theoretical pririples ofradar waves and their reflection.

3.2. HORIZONTAL AND VERTICAL REFLECTION BEHAVIOUR

Thedesiral horizontal reflectiorpattern results from therequired direction(s) of reflectioaccordingo Figurel.:

1 Onlyone reflection direction may beequired e. g. for marking the pylons of a briddé
1 Tworeflection directions could beecessary for buoys with a fixed orientation to the waterway (2).

1 Often an omnidirectional reflection behaviour is needed for buaythé open sea or fixed structures (3).

IALA Guidelings1174Radar Reflectors on Marine Aids to Navigation
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Azim:::[deg] (1 ) Azimlf:ha[degl (2) Azim:;’l?[degl (3)

Figurel Examples of differertorizontal reflection properties

Also theverticalreflection angles have to
be considered If the radar reflectorisfor
the use on buoys, the maximum tilt
anglehas to be taken into account, se
Figure2. Ths could be from:30° to 0° to
+30°for example

For the use onfixed structures the
vertical reflectionangle may be smaller.

Figure2 Tilt angle of buoys

3.3. PRESELECTIODFPOTENTIALLSUITABLRADAR REFLECTORS

Section7.4 and ANNEX Aive a brief overview of potentiallysuitableradar reflectors Environmental conditions,
installation possibilities and maintenance requirements should also be taken into account in aceovdémc
sectionsl2, 13, 14 and 15.

3.4. RANGE DETERMINATION

Section8 explainsthe theory forthe (not quite trivial)calculationof the reflector rangeThe maximum reflector
range can be derived from tHeCS seesection5.6. Table8 of section8 helps to determine it.
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3.5.

HNAL RADAR REFLECREBRUIREMENTS

Based o the preselectionaccording to sectio®.3and the required RC<
value, the final design of the radar reflector results. It isontgnt to note

here:

T

For a giverdesign, he RCS valus directly related tahe
reflector size.

For simple corner reflectors, this value can be easily calculatec
according tcsection7.4.1

For more complex reflectors, theharacteristic of the radar
reflector should be measured or simulated. SESNEX Aor
examples of simulated radar reflectors.

ANNEX @howsan example fordesigning aadar reflectorfor
buoys.

Figure3 Radar reflector type
SR6 on a steel buoy
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4. RADAR AS AMLLECTROMAGNEMWAVE

4.1. PROPAGATION OF RADAR WAMES MAXMUM RADARRANGE

A radar wave is an electromagnetic wave with an electric and a magnetic field component. In free space, these tw
field vectors areperpendicular to each other. The propama of the radar wave is orthamal to both field
components with the velocity.vl'his can be expressed Byguation(1):

V — == 1)

where:

v = speed of propagatiofm/s);

> =n "~ P*fHAm, vacuum permeability;

> =relative permeability;
o F .8%42 x 162F/m, permittivity of free spaceelectric constant
r  =relative permittivity;

¢ F299792458ml/s, speed of light

Fa propagation in free space, tHellowing special case applies:
T p p
Given the above, this meatisat the radar wave propagates in aeryclose tothe speed of light.

The maximum range can be calculatettording to Equatio(®):

0 "00,_"0"0 )

where:

R  =radarto target range(m);
R = transmittedsignal poweiW);
G = transmittingantenna gain
G =reeivingantenna gain
= radar coss sectior(md);
< =wavelength(m);
R = pattern propagation factor for transmittingntennato target path
F = pattern propagation factor for targeb receivingantenna path
© £ 3.14159 mathematical constant;
P- =receivedsignal powe(W).

Note: Under ideaktonditions, for a target in free space and in the maxima of both the transmit and receive antenna patterns,
R=F=1.

The propagation of electromagnetic waves follows cugical laws, presuming normabnditions,i.e.,a uniform

and constant medium.However, effects such as absorptiosgattering, total reflection and supeand sub
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refraction due to ducting etc. have an impact on the propagation of radar wamdghe maximum range of
detection of an bject.

4.2. POLARIZATION GHEECTROMBNETIC WAVES

The polarization plane of an electromagnetic wave is the spatial plane in which the electric field component
oscillates. There are linear and circular polarized electromagnetic waves. The representativessr @diarization
are haizontaland vertical polarization.

While coastal surveillance radars (VTS radar) sometimes utilize vertical or circular polarized radar waves, most V
radars and nearly all shipborne radars have horizontal polarized antennas ¢oagreimorizontal poladed radar
waves.

S. THEORY AND PRINCIPLES OF RADAR WAVE REFLECTION

When the radar wave hits a metallic conductive object, the entire electromagnetic waveeistedflwith a phase
shift of 180 in the electric field component. The aagif incidence is equab the angle of reflection. When the
object is electrically nomonductive and nomagnetic, parts of the energy penetrate into the medium while the
rest is reflected.

There are several types of effects that affect the propagagiath of an electromagré wave,such as directional
reflection, diffraction, refraction, and diffuse reflection.

5.1. DIRECTIONAL REFLECTION

The radar principle is based on thieackscattering of the
electromagnetic wave from objects. The strongest form — incdentwave
backscatteringis the "direction& reflection”, also known as
"speculareflection”, seeFigure4.

reflected wave

er:-

Perfect electrical conductor (PEC)

Theangle of reflectior ; is equal to theangle of incidencé..

. . . . Figure4 Directional reflection
When an electromagnetic wave hitsfiat metallic object at an

incident angle of 0°, the energy of the incident wave is reflectcu
backto the transmitter.

5.2. DIFFRACTION

incident wave

Sharp edges, peaks or even spherical surfqbeisculating wave") diffracted wave
as shown ifFigures can affect the propagation of the radar wave

This effect is called diffraction. Therefore, under certe

conditions, it is possible for the radar to detect objects ouddite o)
line-of-sightbehind a large obstacle. i

Figure5 Diffraction
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5.3. REFRACTION

medium 1
When an electromagnetic wave passes from one-conductive, o codutive,non-mageti)

non-magnetic medium into another neconductive, non
magnetic medium, a part of the energy is reflected. @hgle of
reflection ‘ ; is equal to theangle of incidence; as shown in

. E’r:-
Figureb.

The other part penetrates into the second medium under gt S N
certain angle ;, whichdoes not equal the angle of incidente Sl
The wavelength and propagatioelocity of the wave is different

in both materials.

incident wave . reflected wave

Figure6 Refraction

5.4. SCATTERING

incident wave

Vegetation on the large scakndthe roughness of the surface
of a material on the small scale causes an incident radar w
to scatter in any directionsee Figure 7. This is known as
scattering. The rougher the surface, the larger the spatial ar  scttered waves
into which the energy is reflected.

Object with rough sur'fa.

Figure7 Scattering

5.5. MULTIPATH PROPAGATION

The electromagnetic radar wave reflected from an object does not only return todatia rantenna by a direct
path. A part of the energy returns along different paths. A typical return path is fleztien from the water surface
as showrin Figure8.

Height of
radar

antenna A

Direct path Ry

Height of radar
reflector Z

Indirecs path 5
- 2w

Figure8 Multipath propagation

At the radar antenna, the returning radar wa/&om the different spatial directionsverlap. In extreme case, this

can lead to addition (if the two waves have the same phase) or to complete cancellation of both signals (if the twc
waves have opposite phases). This effect is most prominent in casasel decreases with increasing sedesta
("clutter").
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The maximmRS3ANI RIF GA2Yy 200dz2NE 4 Ksefuals ¢d8 muRiples &f §aiBa10BS thSvwy TG |
This is expressed in Equati():

v

VY 4 £ 0% 0 "ot ofoty 'Q 86 3)

where:

NR =difference in distance betweerelRand R (m);
n =sequential numbey

< =wavelengtim);

Rw =length ofindirect path(m);

Ri  =length ofdirect path(m).

Fornavigational radars, operating in th€band, the free space wavelength is aboul3 cm.
Forad22R F LILINRBEAYIFGA2YyZ G(KS RA T sBWBithE§uato®@y 3G K nw OF y
o 0 Jo 0 v
YY 'Y Y x ¢O: (———— (4)
Y Y 6 O

where:

NR =difference in distance betweereiRand R (m);
Rw =length ofindirect path(m);

Ri  =length ofdirect path(m);

R = distance between radar antenna and target);
A =height of mdar antenngm);

Z =height of radar reflector on targgm).
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5.6. RADAR CROSE&GTION

The intensity of the echo, scattered back to gswurce of the wavei.€.,the radar), is expressed by thadar cross
section(RC¥

Among other parameters, size, sleapnd especially orientation of an object have a deep impact on its RCS. Hence,
an object has not only one RCS. It has a RCS for &gl dpaction.

Accordingo Radar Handboo[5] the

ORCS is thprojected area of a metal sphewhich is large compared with the wavelength and which, if
substituted for the object, would scatter identically the same power back todbdaré XThda € Y o 2
has been widely accepted asthe desighA 2y F2NJ §KS w/ { 2F +y 202S06¢

Figure9 illustrates thisdefinition.

L corner reflector

Corner reflector

Q
d ) d 5 « o
The sphere is cut
in equal halves

The d ofthe sphere is adjusted until: The geometric area equals the
" sphere= " corner reflector RCS of theorner reflector.

Figure9 Radar cross section

It is important to understand that the RCS is not directly related to physical dimensions of an object. A metal plate
with a geometric dimension ofh? has for example a much highmaxinum RCS (in the range of several thousand
m2).
Accordingo Radar Handboqgkthe formal definition of radar cross sectionds shown irEquation (5):

DOs (5)

. 1 ETY —
° Os

where:

=radarQossSection (m?);

f 3.14159 mathematical constant;

R =range from radar to targetm);

E =electricfield strength of the scattered wave at thedar (V/m);

B = electricfield strength of the incident wave impinging on the targétm).
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As this electric field depends on the electric dimensions of the object, the RCS for a giverdgeatiah of an
object also depends on the wavelength oétimcident radar wave. As a result, an object has different RCS values
for Xband and $and radarLy O &S 2F FTNBS LINRLI 3l iA 2y I defeqiBed NI R
according to Buation (6):

T “ 6 'Y (6)
” 6 nono= nono
where

= radar coss sectior(md);

f 3.14159 mathematical constant;

P =receivedsignal powe(W);

= radarto target distance (range)m);

= transmittedsignal poweil(W);

= transmittingantenna gain

= receivingantenna gain

= wavelengthim);

= pdtern propagation factor for transmittingntennato target path;
= pattern propagation factor for targeb receivingantenna path

T AQQQODID

Note: Under ideal conditions, for a target in free space and in the maxima of both the transmit and receive
antenna @tterns, F= F=1.

The RCS of an object isimmportant parameter to calculate the maximum distance in which it can be detected by
aradar.

Note: In the following, the maximum RCS is usually referred to when describing the radar reflectors. Buglboking
the maximum RCS is not sufficient for assapsive overall reflective quality. What is important is the highest
possible RCBith auniform distribution in the spatial angle intended for use.

6. RADARWAVEREFLECTIGDIN OBJECTS

6.1. RADARWAVEREFLECTION GWMPLEOBJECTS

Objects made of metal are generally capable of reflecting incident radar waves. Depending on theirttghape,
respective reflection changeSimple shapes such as sheets, cylinders etc. produce a radar echo that is relatively
easy to desche, see the fohwing sectiong6.1.1- 6.1.3. Note: The results shown in the graphere simulated

based on 3D models, the proceduadoptedis described irsection9, WK SNB aaY$é YSlefa Ayaljds
3D-reflection diagrams.
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6.1.1. METAL SHEET

When a radar wave hits Hat metal sheet the energy is reflected back to the radar only in the case of a
perpendicular incident radar wave. Under different angles, only a veryl gnogtion is scatteredback due to
diffraction, seeTablel. Asingle metal sheet is therefore not suitable as a radar reflector in practice.

Tablel Radar wave reflection of a metal sheet

Dimensionsof simulated sheet(mm) Max. RCS Short description

(m?)
Width: 300; Height: 500 275 - Not suitable as a radar reflector in practice
Thickness3 - High reflection only in two small spatial angles
3Dview 3Dreflection diagram(rectangular)

Y

main points
of reflection

¢ Wi
[ws] soy

&

2D reflection diagramdifferent tilt angles, linear

0.001

2D reflection diagram, di#rent tilt angles, logarithmic

RCgs h
—— HH&=9.4 IGHZE | e v altdieq
--- HH&=94 1IGHZE| evalt® e
------- HH&=94 IGHZE| ev a2l e
---HH&=9.4 IGHZE| ev a3t ep

[— HH&=9.4 IGHZE | e v &0 d eog
----HH&=9.4 IGHZE| eval We
"""" HH&=94 1IGHZE|l ev &2 W e fy-
..... HH4=94 IGHZE| ev a3 W@

270
Azi midely

270
Azi midely
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6.1.2. CYLINDER

A metal cylinder gives a perfect orrazimuthal reflection characteristic, but only for an elevatio®@fAny tilting
of the cylinder reduces the reflectivity significantseeTable2. A cylinder is therefore not suitable as a radar
reflector in practice.

Table2 Radar wavereflectionof a metal cylinder

Dimensions of simalated cylinder Max. RCS Short description
(mm) (m?)
Diameter: 300 Height: 500 75 - Not suitable as a radar reflector in practice

- Perfect omnidirectionateflection, but only for an
elevation of 0°

3Dview 3Dreflection diagram(rectangular)
Y f=9.:l1HGHz
omnidirectional 1000
reflection at 0°
100
10
7", = 2
’\:; /‘,,f’ .
3
0.1
‘ 001
\ < 0.001
2Dreflection diagram different tilt angles, linear 2D reflection diagram, di#rent tilt angles, logarithmic

RCYs mh

RCYs rh .
—— HH&=9.4 IGHZE | e v altdieoy| i j::g:gi}gnzg: sv:(;?ﬁe;g
--- HH&=94 IGHzEl evaltadep 1 T | [T HHac9a 1GH§EI Vot

-—+HH&=9.4 IGHZE| eval e f..

....... HH&=9.4 IGHZE| ev a2l e - HHA-04 IGHYE| ov al e

270
Azi midte]ly Az i2m7[3te]g
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6.1.3. BENT SHEET MET20Q°

A bent sheetmetal 90° gives a good sectional reflection characteristic, but only for an elevation of 0 °. Anwftilting
the bent metal 90° reduces the reflectivity significansigeTable3. Therefore, even a metal bent by 90° cannot be

used as a radar reflector in practice.

Table3 Radar wave reflectiomf a metal sheet bent to 90°

Dimensions of simulatd bent sheet Max. RCS Short description
(mm) (m?)
Width: 425; Height: 500 550 Not suitable as a radar reflector in practice

High reflection only ira spatial angleof ¥ 30° andat

an elevation of @

3D-view

—

3Dreflection diagram(rectangular)

HH
4=94 IGHz
1000

H
Wskoy

0001

RCgs
—— HH&=9.4 IGHZE | e v altdieag|
--- HHa=9.4 IGHZE| ev altOl e
~+ HH&=9.4 IGHZE| ev ax(i e
--- HH&=9.4 IGHZE| ev adOiep™

270
Azi mdely

—— HH&=9.4 IGHZE | e v &0 d eocpr
----HH&=9.4 IGHZE| ev =l e
"""" HH&=9.4 IGHZE| ev a2 We
----- HH4=9.4 IGHZE| eval We

30

L E@aEaE

90

120

300

270
Azi mdtly

2D reflection diagram, diffrent tilt angles, logarithmic

150

180
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6.2. RADAR REFLECTION @NMPLEX SHAPES ASITRUCTURES

On more complex shapes and constructions, sucheasons made of
steel Figurel0), the radar reflection occurs on the various componer
of the object,e.g.,on surfaces, cylindrical shapes, edges, corners, et

The reflected adar waves are superimposed, resulting in @enor less
undefined and strongly directiedependent reflection behaviour.
Therefore, objects that are not specifically designed for the reflectior
radar waves are only suitable as radar reflectors to dditnextent in

practice As a rule, the instiation of a radar reflector with defined
reflection properties is reoemmended here.

igurel Steel lraconwithout
radar reflector

1. RADAR REFLECTORS

7.1 TASK OF A RADAR REFLECTOR

A radar reflector improve the probability of detection by radar
significantly by increasing the intensity of theturned radar wave This
is especially trugvhen a radar reflector is mounted on an AtoN, which
made of nonconductive material such as plastic, tdl substantially
improve visibility by radar.

In addition, aradar reflector can increase the availability of an object
the radar imageAs described in sectiof.2, an object without a radar
reflector does not reflect the radar wave uniformly over all solid angl
depending on the lsape of the object. Fluctuation must also be take
into account. A radar reflector should have a defined reflecti
behaviourover a cetain range of spatial angles. In accordance w
these limits, the availability of a radar reflectoill be predictable

As an exampleFigure1l shows asteel buoy which by itself has a
reflection behaviour In order to obtain a defined andonsistent
reflection behaviour, thebuoy was additionallyequipped with a radar
reflector.

urel Steel boy with rada
reflector
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7.2. REQUIREMENSANDREGULATIONS

7.2.1. RADAR SPECIFIC REQUIREMENTS
A radar reflectoshould meet the following radar specific requirements:

1 high, uniform reflectivity over the entire azimuth (orreimuthalradar reflector) or sector (sectoral
radar reflector)

i1 reasonable rdéctionup to an elevation of about 30and

1 optimized radar reféction behaviour for the relevant radar frequency.
7.2.2. NON-RADAR SPECIFIC REQUIREMENTS
Design related and assembly related requirementsdiseussedn section12.
7.2.3. REGULATIONS BY INTERNATICB@DRIES

The Internatbnal Maritime Organizatiod@MO) defines regulations for shipborne equipmeitilO does not define
requirements for radar reflectors used on AtoN. Howevegssumes a certaiperformance(in terms of a RCS
value) for AtoNijn orderto be able to define minimum performance requirements for shipborne radar installations,
mandated by the 1974 SOLAS Conventieaulting in minimum detection ranges.

Accordingo IMO ResolutioMSC.192(79%], in clutter-free conditions, a shipborne radar with an antenna height
of 15m above sea level shall detectypicalnavigation buoywith a height of 3 m alove sea level, equipped with
a radar reflector, in the range givenTiable4.

Table4 Minimum detection ranges in cluttdéree conditions

RCS of avigation buoy Minimum Detection

with corner reflectort Rangé
X-band radar 10 m?2 4.9NM
Sband radar 1m? 3.6 NM

Note 1: clutter-free conditions is understood asormal propagation conditions, in the absence of sea clugpeecipitation
and evaporation duct

Note 2: The detection of the target is based on an indication of the target in at least 8 out of 10 scans or equivalent and a
probability of a radar detection false ata of 10%

IMO International Convention for thBafety of Life at Sea (SOLE$)Chapter V (Safety of Navigation), requires,
that all
GAKALAE ANNBALISOGAGDS &nH50Frbsk Bnnag and if prastitalBls a radénrefléct®r f
or other means, to endb detection by ships navigatiigeé NJ RIF NJ 4 020K & FyR o
In addition the International Organization for Standardizati@pecifies inISO 8722010 [8] the minimum

requirements for a radar reflector intended to be used on small vessels. It lays down the specification for
construction, installation, testing and inspection of such radar reflectors.

ISO 8722010[8]requires forX-banda maximum radar cross section of at lea8m2.Ly | RRAGA2Y X { Fk
polar diagrams shall be such that its response over a total angld0df i not less than6 dB with respect to the
maximum echoingareh ¢ KS NBaLRyaS akKkfft y2G NBYIFAY o0Sft 2mr KA
the vertical planelSO 8722010requires that

a0 KS LISNF 2 Neifektof, OfSto & éRst £118 Bom the horizontal shall be such that its response at
any inclination remains abovel2 dB with respect to its maximum echoing area over the tatajle of at
least Bn c € ¢
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7.3. WORKING PRINCIRIERNER REFLECTOR AS A CENTRAL COMPONENT OF RADAR
RELECTORS

Usually a radar reflector has several metal surfac~~
arranged at a certain angle to each other, at which
"directed reflection" of the radar waves takes pladée
reflection principle can be demonstrated best using tl
example of a corner reflectofThe lasic principle of a
corner reflector is based on the e mirror. This consists
of three reflecting surfaces at an angle of°30 each
other. This arrangement ensures that the incide
radiation is returned almost exactly to the sender of tF _
radiation seeFigurel2.

Figurel2 Reflection principle of a corner reflectol

The reflectioreffect of these reflectors is physically determined by two factors: The wavelength of the radiation to
be reflected and the length of th@ner edges of the mirror arrangement. The reflection increases with increasing
frequency and increasing edge length.

7.4. RADAR REFLECTORS TAILORED TO THE RESPECTIVE APPLICATION

7.4.1. RADAR REFLECTOR FOR ONE MAIN DIRECDRINER REFLECTOR

Some applications redre aradar reflection in only one main directigaee (1)) This can beealizedwith a single
corner reflector desgned to scatter back the radar wave into one spatial sector. Technically, the corner reflector
isa trihedral

Under the assumption of some simplifications, which are not described here in detail, the calculation of the
reflecting area RCS is basedtbe following Equatiori7) considering-igurel3.

™ 3D @)
” G O=

where

=radar cross sectiofmd);

f 3.14159 mathematical constant;

a =inner lengthim) of edge as shown iRigurel3,
< = wavelengthim).

ihﬂ.)—»

Figurel3 Corner reflector
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Example:

A radar reflector with an inner edge length @%2 m achieves a
reflection area of approx. 1282 at a radar frequency of.81 GHz Corner reflector ——— 4
(<=3.19cm).

The maximum RCS of the corner reflectopiisportional to the
fourth power of itsinner length. To achieve a high RCS value, 1
side length should therefore be chosen as large as possible.

Corner reflectors are for example used on bridges to indicate
position of the pylon to theaptain seeFigurel4.

- S

Table5 showsthe relevant parameters of aorner reflector. P s
Figureld4 Corner reflector on a bridge
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Table5 Radar wave reflection of a corner reflector

Dimensions of simulatedorner Max. RCS Short description
reflector (mm) (m?)
Width: 429 Height: 371 34 - Suitable as a radar reflector in practice
- (onsisent reflection inreasonablespatialand
elevationangles.
3Dview 3D-reflection diagram(rectangular)

,a
Wskoy

0001

2D reflection diagramdifferent tilt angles, linear 2D reflection diagram, diffrent tilt angles, logarithmic

90

RCYs
RCYs HH =
. — 4=9.4 IGHzE| e v &0 d eod
—:Ha:9.4lGHzElevaud|eog == HHa=9.4lGH§EIev;10d@N
o hhaoneE evatmo [ " N S HH4=9.4 IGHZE| ev &2 We
a=9. 4 eva H --- HH4=9.4 IGHZE| ev &3 W e
----HH4=9.4 IGHZE| ev a3 0l e : —

270
Az i midely Azi2m7[3ve)g

Beside thecorner reflector, other sectorial reflective radar reflectors with different characteristics are infhse.
can be multior omnidirectional reflectors as shown in thel@lingsections
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7.4.2.

MULTIDIRECTIONAL RADAR REFLECTORS

For reflections in several directions, a multiple arrangement

individual corner reflectors is usually chosen. In this case, col
reflectors are combined with each othen isuch a way that the
superimposition of the reflections of the individual corner reflectol

results in the desired overall reflection behavior.

For buog, who have a fixed orientation to the waterwayy the
design oftheir mooring, reflection intwo main directions may be
suffident. An examplef this applicationare plastic buoys on rivers
with currentsas shown irFigurel5. The radar reflector is mountec
internally. The impact of the surrounding plastic hull is described
sectionll. Table6 shows the relevant parameters afeflectorwith
two main reflection directiondased on a simulation.

Figurel5 Buoy with fixed
orientation to the waterway

Table6 Bidirectional double cornaeflector

Dimensions of simulateadtorner Max. RCS Short description
reflector (mm) (m?)
Diameter 25Q Height: 700 95 - Twomain reflection directionsvith high RCS over a

restricted spatial angle
- Designed for plastic buoys (mounted insigeotected)

3D-view

3Dreflection diagram (rectangular)

HH
4=9.4 IGHz
1000

100

H
wskoy

0001

RCYs
— HH&=9.4 IGH zE | e v atdied
--- HH4=94 IGHZE| evaltGiep .
"""" HH&=9.4 IGHZE| e v a2 0l ey
--HH&=9.4 IGHZE | ev a3 0

270
Azi midely

2D reflection diagram, different tilt angles, logarithmic

—— HH&=9.4 IGHZE| e v &Q d eo
-=-HH&=94 IGHzE| eval e

HH&=9.4 IGHZE| ev &1 We PNy
---HH&=94 IGHZE| eval Wefy o~

270
Azi mdtely

IALA Guidelings1174Radar Reflectors oMarine Aids to Navigation
Edition 1.0urn:mrn:iala:pub:g1174:ed1.0

P26



7.4.3. OMNIDIRECTIONAL RADAR REFLECTORS

Often an almost constant reflection in the horizontal plane (omradtronal) is
needed,e.qg.,for buoysin the open seaA good omnidirectional radar reflectol
has an almostqualreflection pattern with a high RCS that remains approximat
the same at different tilt anglesTo achieve this, typicallgix eight or ten
individual corner reflectors are combinetHiowever, deeloping a onsistent
reflection pattern is a difficult taskbecause tie overlap of the reflectionf
multiple reflectorscancauseboth constructive and destructive interferenc€his
can lead to morer less large dips in the reflection patterfihesixtightly packed
corner reflectors of the type SReas proven to be a good compromise of ¢
properties.Figurel6 shows aplasticbuoy withan internalSRéreflector, Table7
illustratesthe reflection poperties The impact of the surrounding plastic hull

described irsectionl1l.

Figurel6 Plastic buoy

Table7 Omnidirectional 6 corner reflectoBR6330

Dimensions of simulated Max. RCS Short description
reflector (mm) (m?
Diameter 33Q Height: 385 15 - Sxtightly packed corner reflectors
- Good uniformity.
- Different diameters available
3Dview 3Dreflection diagram(rectangular)

Wspoy

0001

RCYs
[—— HH4=9.4 IGH zE | e v aldi e
--- HH&=9.4 IGHZE| ev alt Gl e
~~~~~~~ HH&=9.4 IGHZE| ev a2 @l e
--+ HH&=9.4 IGHZE| ev adde ™
\

270
Az i midely

2D reflection diagram, dirent tilt angles, logarithmic

— HH4=9.4 IGHZE | e v & d eog
---HH4=94 IGHZE| eval e

HHa=94 IGHZEl eva2 We
---HH&=9.4 IGHZE| ev a3 M e

90
Azi midely
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8. DETECTION RANGE OF RADAR REFLECTORS

8.1. OVERVIEW

The radar equation withinestion 4 gives mformation about thetheoretical radarrange calculatiorunder ideal
conditions for a target in free spacka practice a lot of different parameters affeitie maximum rangefFigurel?
provides dist of the most common parametsrWith the help ofsoftwarebased simulation tools it possible to
refine the maxmum detection range accounting for these parametétsr the following simulations the software
tool CARPETSW1] was used.

ﬁ -

\© 0o o .

v

Antenna related parameters: Propagation path related range parameter: Target related range parameter:
- installation height bt - pattern propagation factor for -w/ { - 0S8t SgI Az
- transmitting-antenna gain G transmitting-antennato-target path ¢ - installation heightrarget
- receivingantenna gain & - pattern propagation factor for targeto- - (velocity, fluctuation)
- azimuth sidelobe suppression receivingantenna path F
- beamdape loss factor - temperature of air
- frame rate (rotation speed) - atmospheric pressure
- polarization - relative humidity

-wind direction and speed
Transmitter related parameters: - galactic noise activity
- wavelength< - wavelength<
- peak power P - seastate
- pulse length - sea salinity
- pulse repetiton frequency PRF - water temperature
- number of bursts - wave height
- number of transmissions per burst - evaporation and surfacbased dict
- transmitter loss factor+ - land clutter

- multipath propagation
Receiver related parameters: - shadowing, diffraction, scattering
- receiving system noise - rain, hail , snow

temperature T
- detectability factor @
- bandwidth correction factor £
- receiver loss factorsdL
- processing loss factop L
- probability of detection B
- false alarm rate4
- pulse compression gain
(only solid state radar)

Figurel7 Range parameters
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8.2. KEYPARAMEERS-ORCALCULATING THE MAXIMODETECTION RANGE

8.2.1. TARGEPARAMETERS

The following section describes the parameteised for calculating the maximum detection range of a radar
reflector in detail.

3.2.1.1. Hevation

Regarding the maxiom possible radar range, any @oitisfi/ I t £t @ OKI NI OGSNAT SR o6& Al
is important to understand, that an object does not have only one radar cross section; it has one RCS for eac
azimuth and elevation angle of the incident radarawe and for each wavelength ofhe rada.
Normally, radar reflectors are optimized to have the maximum RCS at an elevation angle of 0°. Any inclination ¢
the radar reflector will resulin different, usually lower RCS values.

Note that i the literature, radar range calculations arermallybased on thenaximum RCS of an object. However
the degradation due to the nenniform RCS propeytof an object or reflector have toe taken into account.

8.2.1.2. Wavelengthoptimization

Radar reflectors sed on AtoN are optimized forband radar (wa8 f Sy Apprigix.349 cm). For $and radar
06 @St &yrakii®em)xthese reflectors are less effective,,the RCS of a reflector is about 10 times higher
at Xband than at $and.

8.2.1.3. Installation height hiarget

Beside the RCS value(s) of a refledits installation height is important. Very low installation heights may lead to
shadowing of the object in heavy sea state. Especially for radar detection over long ranges, the installation heigr
is signiicant due to the curvature of the earth.

8.2.1.4. Velocity and swirling case(fluctuation)

The relative velocity between radar installation and target as well assthidNI A y3 O 4 S¢ & Kpelef R ¢
are fourdswirling casesg, defining differentmathematical models for the fluctuation of a target.

8.2.1.5. Pastic housings

For AtoN made of steelthe
radar reflector is usually -
mounted on the outside. Plastic
buoys generally have an
internal radar reflector. The
surrounding plastic has ar |
impact on the radar cross -
section of the target. ;

The impact of a surrouing
plastic cover is explained ir
sectionll.

Figurel8 shows a plastibuoy
with internal radar reflector

Figure 19 shows abig coastal
plastic buoy type B3@O-WSV

Figurel8 Plastic buoyvith . :
e | rad p internal radar reflector Figurel9 Plastic buoyype LB3000
with internal radar reflector WSWvith internal radarmreflector
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8.2.2. PROPAGATION PARAMETERS
8.2.2.1. Atmosphere

The atmosphere has some influence on the propagation of radar waves. Relevant parameters are the temperature
the atmospheric pressure, the relative humidity, the wind direction #dgalactic noise activity. Attenuation due

to losses in the atmosphers frequency dependent. Theband radar(higher frequencyyuffers from slightly
higher absorption losseand hence attenuatiothan thelower frequencySband radar.

8.2.2.2. Propagationover sea

Propagation over sea introduces some more parameters of intereat:stte, wind speed, sea salinity, water

temperature and average wave height. Of greater importance is s@mer subrefraction due to ducting, which

Oy 06S OflraaArAFYSRdzDaé¢ ©b @SR BREEADN 1€ @S

Accordingo IALA RecommendatidR0128 Operational and Technical Performance of VTS Sy8tems
G5dz0GAy3a YIe 200dzNJ I fY2aild FYye@sKSNBE o0X0d @erdkl Y2 a
most of the time, giving extended range, especially for low mounted antennas. The effect will give average

improvement in detection performance and may therefore be very useful in respect to security
applications, if required. The effectisusyaibta G F 6 f S Sy 2dzZAK G2 068 O f Odz |

Although

GRAZOUAY 3T G6ANI RANEE WZBNBSGKELY AKALIAQ NI RFNHEE S
it is important to be aware of this effect.
8.2.2.3. Propagation overland

For propagation over land, the land temperature, the @ratortent of the soil, the surface roughness and the soil
type have an impact on the maxim detectable range. Although the relevance is low, high land reflectivity can
cause significant land clutter in the radar picture.

8.2.2.4. Multipath propagation

Dependingon thephase shift of the received waves from different spatial return paths, the summing signal may be
strongly degraded or even completely cancelled. Multipath conditions regularly occur in calm sea. At certain
distances, objects like AtoN may disappeampletely from the radar screerSection5.5 of this document gives

more information.

8.2.2.5. Shadowing, diffraction, scattering

The propagation of electromagnetic waves follows cugical laws, presuming normal caitidns,i.e.,a uniform

and constant medium. However, effects such as absorption, diffraction, scattering, total reflection etc. have an
impact on the propagation ofadar wavesEven partial shadowing of a radar reflector by a small object can
significanty reduce its performance.

Since there is no ideal reflection without any loss, each reflection results in a degradation of theumaxim
detectable range. In case thhadar wave is reflected by multiple objects, each radar cross section of all involved
objects have to be considere®iffractionand scattering are explained in more detaikigction5.2and5.4 of this
document.
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8.2.3. QLUTTERARAMETERS
8.2.3.1. Rain

The rainfall rateand the range of a rain area have important impact of the probability of detection of a target with
radar.

8.2.3.2, Hail and snow

Although hail and snow are not as frequent as rain, the impact on radar detection of targets is significantly high.
8.2.4. RADAR EQUIPMENT

8.2.4.1, General

Any shipborne radar, falling under SOLAS Convention, Halitthe minimum performance requirements of IMO
MSC. 192(79nd IEGStandard EN 62388aritime navigation and radiocommunication equipment and systems
Shipborne radar, Performance regjirements, methods of testing and required test res{ig as captured in
section7.2

However, shipborne radar installations may differ in design and specification.
8.2.4.2. Transmitter parameters
The followng transmitter parameters should be considered regarding the maximal detectable range:
1 frequencyf/ wavelength<and peak powePt,
91 pulse length and pulse repetition frequendyRE
1 number ofbursts and number of transmissiopsr burst
i transmitter lossedr; and
1 white phase noise density and colored noise power jéttet.
For solidstate radars, in addition thpulse compression factor has to be considered.
8.2.4.3. Receiverparameters
The following receiver parameters should be considered:
noise figure
bandwidth of receiver
receiver lossekr;
processing lossds;

probability of detecion Pp; and

= =/ = = 4

false alarm probhility fa and jitter.
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8.2.4.4. Antennaparameters

The following radar antenna parameters should be considered:
1 typeof antenng

9 verticalaperture

i1 polarization

i transmit gain and receive gain

I azimuth bandwidth an@levation bandwidth
1 azimuth sidelobe level

1 beamshapdosses (if applicablg)

1 other lossesand

1 frame rate (speed of rotation)

In addition, the installation height and the tilt of the radar antenna is important for the detectable range of an
object, especially over long ranges.

Note: Almost allshipborne radar installations use horizontal polarized radar waves. The polarization plane may
be changed by certain spatial structures of a target, resulting in a degradation of the maximal range.

8.3. TYPICAL ACHIEBLE MAXIMUM RADAR RANGES

The typical maximl detectable ranges, presented Trable8, are calculated on basis of the parameters listed in
ANNEX BThe calculations were performed ugithe software programm€&ARPENote, thatthe variation of the
parameters could have a deep impact on the results. The follopangmeterswvere applied

i the target is modelled as a singd@int-target with no physical dimensions

evaporaton duct has nbbeen included

X-band radar with P=2EW: 7 ft antenna pulse length 400is; PRF 14061z false alarm rate 1€,
Sband radar with P=3RW; 12 ft antenng pulse length 40&'s, PRF 14061z false alarm rate 18
seastate 3, no rain, hail or snagw

detection probability 90%and

=A =/ =4 = = 4

multipath propagaton has not been included.
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To give an impression of the impact ¢

various parameters, the followings figure ™[ =71 w0 L T
show the detection probability of a targe’ / T L e
under different conditions. 6 S G D s
Figure 20 shows as an examplethe g ‘ﬁ.\ gm o=
detection probabilityof a target with a RCS £ = ol
of 10m2. The height of the target isrf, the -§ \ e .. ™
antenna of the shipborne¢band radar is £ * iy =
set to10m. \ S— —
» \ —— -
Up to a distance of about 5 NMtarget | ——
can be detected with a probability of 96. , \\
In the close viciity around the own P Y rmanmgeomn 0 ° 7
positiorh the detection probab|||ty lower Figure20 Detection prObab|||ty with a sestate of 3
since seatate 3 causes significant high
water waves.
Figure 21 shows the same scenario, bu 1 Wi ﬁi';mm "g-;-ﬁm o410 wm:
with consideration of multipath effects (se¢ ' % et 1 cugi 00 =
section5.5). In a distance of about 0IgM - \ Aatnme A o=
and 1.8NM the target is not detected at all A it . (ibd
by the radar due to multipath propagation € _ Doppkes Proccssieg - mome
Howevermultipath effect leads to a slightly 3 | f&'—ﬁ ? Ie—wi
higher range. % " t\ Wind Specd 70 e
) ‘~ prm— =
| Swerling Casze 1
20 \ Target Allnde Sm
\ Defecioa asge P3-90.0% + 5 4 N
s 1 2 3 T:.wn‘s-po.s.) 7 F3 9 10
Figure21 Detecton probability with a seatate of 3, with
multipath propagation
Dwell Defecion Probabilly - X-basd-radar par
Figure22shows the sameaenarioasFigure 965 ComErfreaeeacy. © 80 I
20with seastate 7 instead of sestate 3 e owsm oo =
Reliable visual detection of a target in heay ® ’//P k E;E:_ ?:;E =
storms and high waves is a difficult task fc § \ oo =
the captain of anwessel This is also true % / ‘ e
for radar detection. AEigure27 shows, it is g f \n R .-
not possible to detect the target on even ;3 “o ;f ! e o
radar rotation cycle. / \ ——— L e
AN | \ =S
sl xﬁ\'\
-] b
S R R g N B
Figure22 Detection probability with a sestate of 7
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FHgure23shows the samecgnarioasFigure
20, but with consideration ofevaporation
duct. Although in this particular case the
nominal range for a detection probability o
90 % isonly a littlehigher,howeverthere is
a certain probability of sedng targets
further away potentially upto twice the

distance).

Figue 24 shows the samecgnarioasFigure
20, butwith rainfall at a rate of 4nm / hr at
a distance of 3IM to 10NM from the radar
antenna. The simulationwith CARPET
shows that in the area of rainfall unde
these conditions no reliabldetection of a
target of 10m? is possible. However, rada
suppressiol
functionality (often called FTE fast time
constant) to improve the detectionof
targets in heavy rain. This canndie

equipment provides rain

simulated byCARPET

Figure25shows the samecgnarioasFigure
20, butwith a typical noRSOLAS radar. Th
performance of a notSOLAS radais
inferior compared to professional SOLZ

radar equipment. Typically,

radar have less output pav (e.g.,10 kW)
and shorter antennase(g., 6 ft) with less
gain. For the simulation, in addition the

pulse length was set to 16ts.

The detectionrange is significant lower
compared to the result that can be achieve

with a SOLAS radar.

100 Caaviey Frequescy = S410 Mz
A e PRF = 1.4 Wz
/’ Peak Power = 25 KW
- Puize Lenglh = 040 w=
/ N Inzt Bandwillh 2 33 Wiz
s0 Anicens Allsdc = 10 m
Anicans Gaim = 295 a8
N Azimmllhs Beasweri®h - 100 -
Polarizalion 2 H
2 \ Moize Figure E 6 dB
§ 0 Doppler Processing - mome
= Hember of Barsls = 1
- b Fake AlmProb. - 1006
Fd \ Sea Stale = 3
S 3 Wiad Speed = 756 mis
T 40 % Troposcaller = om
- Alrsesion = om
o Evap_ DuctHeight - 10 m
Cosmix: Hose = om
Tasget RCS & 10 =™
20 Swering Case = 1
Tasget Allmde = Sm
Delecion range P3-90.0% + 52 HM
o
€ 1 2 3 4 S 6 7 s 9 10
Target Ramge (M)

Hgure23 Detection probability with evaporation duct
(height10m)

100 Casvier Frequescy = 9410 MEiz

/ﬂ‘\ PRF 14 iz
Peak Power 10 KW
G Paize Leagih 016 ws
In=i Bamdhwiclih 6.3 Mz
s0 Asxicass Allnde 10 m
Anicass Gaim 28 aB
Azimmilh Beamsertiih 120
Polaizaion H
— Hoie Figere 6 aB
5 Doppler Processing mome
F Memsber of Barsks 1
§ Falze Alnrm Prob. 1e-006
2 Sea Stale 3
s Wind Speed 76 mis
T 40 Rainfall Rale 40 mmilr
- ia Ramge Rain $6 Im
o Max Range Rain 185 bm
Max Allnde Raim 3 bm
Troposcaller om
20 Alcausion om
| Cosmix: Holse om
X Taget RCS 10 w®
\ Swesling Case 1
T Target Allmde Sm
o T
9 1 2 4 5 6 z L 9 19 Detecion mege PA-90.0%: + 2.9 MM
Target Ramge (HM)

Figue 24 Detection probability with rainfall (4 mm/hr)

100 Camvier Frequescy - S410 Mz
= RF E 14 Wiz
W
Peak Power = 10 kW
\\ Puize Lengih = 016 ws
In=i Bamchoilih = 6.3 MEz
s0 Axicass Alnde = 10 m
Anicans Gaim = 28 B
Y Azimnllh Beasvearilih - 120
\ Polarizalion = H
— MHoise Figere = 6 a8
‘f, 0 Doppler Processing - mome
= 7 Member of Bursls - 1
§ “.\ Falze AlwmProb. - 1e006
2 \ Sea Stale z 3
@ \ =
s \ Wind Speed = 76 miz
B 4 ! Troposcalier S om
- Alrsasioe = om
G \.\ Cosmir: Hoise z om
\‘,\ Target RCS = 10 m*
by Swesling Caze = 1
20 \ Tasget Allinde = Sm
X\
‘\\ Delecion range Pd=900% + 2 9 N
\
\\
o L

o 1 2 3 s 6 7 s 9 10

4
Tasget Range (M)

Figure25 Detection probability with a typical neBOLAS radar
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Note 1:
Note 2:

Note 3:

Note 4:

Table8 Typical achievable maximum radar ranges

X-band Sband
Shipborneradar Target ; ;
antenna height height RCS Detection Detection
range range
10m?2 3.7 NM 2.9 NM
10m 50 m2 4.2 NM 3.5NM
300 mz 4.9 NM 4.1 NM
1000 m2 5.3 NM 4.6 NM
10mz2 4.5 NM 3.5 NM
5m 35m 50 m? 5.2 NM 4.1 NM
’ 300 m2 5.9NM 4.9 NM
1000 mz2 6.4 NM 5.5 NM
10mz2 5.0NM 3.7 NM
75m 50 m2 5.8 NM 4.9 NM
300 mz 6.6 NM 5.8 NM
1000 m2 7.2 NM 6.5 NM
10m?2 4.8 NM 3.7 NM
10m 50 m2 5.5 NM 4.4 NM
300 m2 6.2 NM 5.2 NM
1000 m? 6.7 NM 5.7 NM
10mz2 5.0 NM 3.7 NM
10m 35m 50 m2 6.4 NM 5.1 NM
' 300 mz 7.2 NM 6.0 NM
1000 mz2 7.8 NM 6.6 NM
10m?2 5.0 NM 3.7 NM
75m 50 m2 7.4 NM 5.6 NM
300 mz 8.4 NM 6.9 NM
1000 m? 9.1 NM 7.6 NM
10mz2 5.0 NM 3.7 NM
10m 50 m2 6.5 NM 5.3 NM
300 m2 7.3 NV 6.1 NM
1000 mz2 7.8 NM 6.7 NM
10m?2 5.0NM 3.7 NM
15m 35m 50 m2 7.4 NM 5.6 NM
’ 300 m? 8.3 NM 6.8 NM
1000 m? 8.9 NM 7.5 NM
10m?2 5.0 NM 3.7 NM
50 m2 7.5 NM 5.6 NM
75m
300 m2 9.5 NM 7.8 NM
1000 mz2 10.2 NM 8.5 NM
10m?2 50 NM 3.7 NM
10m 50 m2 7.4 NM 5.6 NM
300 m? 8.2NM 6.9 NM
1000 m? 8.8 NM 7.5 NM
10m?2 5.0 NM 3.7 NM
20m 35m 50 m2 7.5 NM 5.6 NM
' 300 m2 9.2 NM 7.6 NM
1000 mz2 9.9 NM 8.4 NM
10mz2 5.0 NM 3.7 NM
75m 50 m? 7.5 NM 5.6 NM
300 m2 10.5 NM 8.5NM
1000 m2 11.2 NM 9.3 NM

Thedetection ranges are based on a detection probability of 90%.
Since the radar reflectors are usually optimized for the useband, these reflectors are less
effective in $hand, i.e. the RCS ofeflector is about 10 times lower att&ndthan at Xband.
The values provided in this table are calculated values under the conditions stated above.
Under different conditions (e.g. using a small F®@LAS radar). the result can differ
significantly!
The values marked &drcorrespond to the minimum reference detection ranges published by the IMO as mentioned in §e2tibable4.
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9. SMULATIONDF THE REFLECTION BEHAVIOUR

9.1. POSSIBILITIES AND BENEFITS

Nowadays, computebased simulation programmesignificantly help to suport the relatively complex
measurements on radar reflectoescording tasection10or even to avoid them.

In particular, this method helps ithe selection of a suitable radar reflector or in the verification ehause
developments.

Simulations were also used in the preparation of the present guideAimeost all illustrations of the reflection
behaviour of different radar reflectors are lebon simulations with the softwai@ST MICROWAVE STUBWEZ],
executed by MARCH Microwave Systems B. V., Netherlands.

9.2. PROCEDURE, REQUIRED DATA

As a rule, a 3D design-(@odel) of the radar reflector
to be simulated must be available in a CAI 21000
environment. Then a suitable 3D model is export
from the CAD software €.g., 3D step files).The

software used for simulation imports the 3D mod:
andcalculateghe reflectionbehaviourto be expected
in reality.

The simulation can be carried out using differe X
methods,for example

1 Multi-Level Fast Multipole Method (MLFMM)
This matrix methods accurate but can be
memory and time intensive.

1 Shooting and Bouncing Rays (SBRis
method is based on ralyacing techniques. It oo
is very fast and more suitable talculatethe
3D RC8eeded here. lincludes multiple
reflectionsand edge diffractio by using
either independent rays or raibes.

wskoy

Figure26 RCS simulation for a metal sheet

For the purposes of thi&uideline he SBRnethod is accurate enouglso it was usetbr the 3D RCS calculations

The calculation requires the input of various simulation parameters, asiftequency, (41 GHz and/or 85 GHz),
polaiizaion, etc.

Figure26 shows the RCSimulation of @8 mmmetalsheetwith the dimension®f 300 mm x 500 mrat a frequency
of 9.41 GHz. The expect&®C3or eachspatialangle wasalculated and ipresentedin alogarithmicscale(see bar
at the right)
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10. MEASUREMENJF THE REFLECTION PROPERTIES OF RADAR REFLECTORS

10.1. CGONCEPT FOR TMEASUREMENT

The measurement of radar reflectors should be basedSt 8729 which concerns pasve reflectors and gives
specifications for the construction, performance, testing, inspection and installation of them. The measuring
methods and requirements for the measuring chamber are describ&i0n8724, chapter 6.4.

The refective performanceests can be conducted in a fréield environment or a fully anechoic chamber. Typically
the fully anechoic microwave test chamber is used for carrying out the measurements. Before use, the reflector
test range shall be calibrated usiagrecision spheref known RCS.

Table9 Typical test concept

parameter value
Fequency 9.41 GHz (%and) and 05 GHz (Band)
Polarizaion Horizontal (H)
Rotation angle 360°
Angle resolution 0.5°
Elevationto the front 0°,-10°,-20°,-30°

The tests should be carried out at botkh&nd (941 GHz) and-Band (305 GHz) with the same power density at
the EUT €quipment under testturntable that was used for the chamber calibration. The radfiectorshall have

a minimum RCS of¥n? at Xband and (6 n¥ at Sband. Based on the demands of ttf&0 8724 a typical test
concept could be as shown $ection10.2

Devices which may have to be provided for realizing the inclinations of the measured objéidte seelded with
appropriate absorbers or shall be made of materials which do not infludreceadar reflection characteristics.

10.2. MEASUREMENGXAMPLBEF A RADAR REFLECTOR

The radar reflector to be examined is mounted on a suitable measuring towemaadured atfour different

elevation angles (0210°,-20° and-30°). The resgctive elevation angle is readid by tilting the measuring tower

forward. At each elevation angle the radar reflector shall be rotated 360° (around its vertical axis/tiueg axis).
Therotation takes place in 0.5° steps

4 measuring object

transmitter / receiver measuring tower

I measuring object

transmitter / receiver measuring tower

O

Figure27 Radar reflector on measuring tower,

elevation angle 0° Figure28 Radar reflector on measuring tower,

elevation anglel0°
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Theresults ofthe measurements as described above of thidentical radar reflectord 1, 2, 3)at the
frequency of 9.4 GHz are shown in the following figures (polar coordinates):

Vi

RC9gs rh
— #1HHEI ev atdieogir9.4 IGH 2
--=- #HHE| ev aGdieq9.4 IGH
"""" #3HHE| ev aldiepgir9.4 1GH 3

RCYs rh
—— #1HHEI| ev at Ddoengi=9.4 1GH
90 --- #2HHEI| eval em=9.4 IGH 2
Az i mldtly

------ #3IHHEI ev at oengi=9.4 1GH 7
Figure29 Measurement rests at 0° elevation

Az i-gm?nite]lg
Figure30 Measurement results afLl0° elevation

L
RCYs rh B RC9Ys
— #1HHEI ev a® Ddoengi=9.4 1GH 3 — #1HHEI ev a8 Ddeengi=9.4 1GH 3
--- #2HHEI| ev a® dem=9.4 1GH 4 90 --- #2HHE| ev a8 tdem=9.4 1IGH 4
''''''' #3IHHE| ev aPf Ddoepgi=9.4 GHYp, mid tey e #3HHE| ev a8 Ddeengi=9.4 1IGH 4

90
Azi midt]y

Figure32 Measurement results aB0° elevation

Figure31 Measurement results aR0° elevation
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11. INFLUENCEF PLASTIC BY INSTALLING THE RADAR REFLECTOR IN A PLASTI
HOUSING

11.1. CGONSIDERATIONS

Radar reflectors fitted inside of plastic buoys are covered by surrounding plasgicover around theradar
reflector affectsits reflective properties to a gréer or lesser extent. Theeimpairments essentially depend on:

I covermateriat

I materialthickness

9 distancebetween cover and radaeflector, and

1 geometryof the cover(bending radius, cylindrical or conical, etc.)

Often the cover is made of plastie.g.,wheninstalling the radar reflector in an igeoof plastic luoy. Therefore,
the possible effects of the surrounding plastic in relationtte radar reflectionpropertieswere investigatedThe
testsare describedn ANNEX E

11.2. SUMMARY OF MEASUREMENT AND TEST RESULTS ON THE INFLUENCE OF PLASTIC
COVERS ON THE REFLECTION BEHAVIOUR OF RADAR REFLECTORS

The laboratory measuremesitdo not show any significant impairment due to plastic cover. The real tests on land
and on the water also cdinm this. The results can be summagit as follows

i the investigated plastic (polyethylenBg is suitable from a radar technology pointviéw;
1 the colouring of the PE has no negative influerece
1 eventual eflectionsandinterferenceshad no signittant influence
Not investigated were the following points:
9 the behaviour of other plastics than polyethylene
1 the influence of different wathicknesses
1 the influence of different distances between the radar reflector and the plastic camdr

1 plasticcovers of other shapes,g.,conical shapes, etc.

11.3. PRAELIMINARY RESULTS

Any cover in front of a reflector has a certain impact on its effectess. Therefore, the material of the cover, its
dimensions and the position related to the reflector have to di@sen carefully and individually for a given
application.

As a general rule, the material should be capable to pass electromagnetic ashest aspossible (non metallic,
not magnetic, permittivity close to 1). In addition, the thickness should be rmunatler than the wavelength of the
radar wave, if possibleso that some adverse conditionare avoided (further investigations have to doneot

determine the best thickne3s

To compensate the unavoidable electromagnetic losses in the cover, a biggereéidator should be used in
applications where radar reflectors are placed inside a baay,(eplace a SR@&flector with a300 mmmdiameter
on a steel buoy ya SR6 reflector with a diameter of 330 mm in a plastic puoy
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12. GONSTRUCTION

12.1. GENERAL

The maerials used for radar reflectsshall be of sufficient strength and qualggas to make the reflector capable
of maintaining reflection performance under the conditions of stress due tostsas, vibration, humidity and
change of temperature likelyotbe experienced in the marine einonment and capable of withstanding the
environmental conditions.

Radar reflectors arenanufacturedfrom good electric conductivity aterials such as metal. In practice aluminium
and mild steel/stainless steel are typliyaused.

Even a very thin layer of metal can make an object strongly radar reflective. From a radar point of view only a thir
metallic layer is required for a perfect reflection. Thus, a plastic material like GRP with a metallized surface or witl
a metalized nylormesh embedded iit yields has similar good results.

Manufacturing processes include bendiagd weldingof sheet metal(Figure33). It is also possible to attach
individual corner reflectors to a supporting structUiFigure34). In some cases, the radar reflecterpart of the
daymarkof an AtoN(Figure35) or fully integratel into the buoy bodyFigure36).

i Figure35 Radar reflector as : =
Figure33 Welded Figure34 Radar pfrt of the daymark Figure36 Radar
radar reflector reflector consisting reflector integrated
of single corner into the buoy body

reflectors mounted
on a structure

12.2. MATERIALS

As described abee, radar reflectors are usually made ¢
aluminium or steel. When using aluminium, marine gra
aluminiumshouldbe used.

If steel is used, mild (construction) steel or stainless steel car
used.

When using different metalse(g., aluminium and mild stel)
electrochemical corrosion can cause heavy damabegrevent
a direct electrical connection @fvo different metals, insulating
bushes can be usd#&igure37).

Figure37 Plastic insulation between
different metals
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12.3. SURFACE PROTECTION

If the radar reflector is mounted inside éhbuoy body €.g., plastic buoy made of polyethylene) there is no
protection needed. However, the buoy body mustwsatertight and airtight.Figure38 shows a plastic buoy with
an integrated radar reflector.

If the radar reflectoris mounted outsidesurface protection is neededtigure39 and Figure40 show outside
mounted radar reflectos.

The coating and ruggroofing must be saltwateproof. Thinlayers' ofpaint which are directly applied for this
purpose to the reflecting surface do not degrade the performance of the radar reflector.

Fe8 Plastic buo Figure39 Steel buoy Figure40 Corner reflectors on a LANBY

12.4. MANUFACTURING QUALITY

As with all types of cluster reflectors the individual reflecting elemeixs, the corner reflecors) have to be
manufactured to close tolerances, otherwise the reflected wave will diverge from the exact direction back to the
illuminating radar(see also sectio.3).

For best results all three plates of each corner reflemust beperfectlyflat, and the corner angles must e&actly

at right angles (rectangularity). In a production process some deviations are unavoidable and result in tain lo
of performance. Unfortunately, the allowable rectangular tolerabezomes smaller as the size of the reflector
gets largerThe toleranceshown inTablel0 should not be exceeded:

Tablel0 Manufacturing blerances

Reflector diameter Maximum angular tolerance
05m +71°
1m +05°
Reflector diameter Maximum flatness tolerance
0.5m K mm
1m A2 mm
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Even underthese conditions a noticeable loss of performance can occur if all tolerances of a corner reflector
accumulate (all tolerances of the same sign).

The quality of the mechanical finish is important to the quality of the respdrom the radar reflector asaviation

will degrade the effectiveness of the radar reflector.

12.5. INCOMING GOODS INSPECTION

In the procurement process the incoming goods inspection is very important to achiegpehiied quality and
tolerances. The manatturer should deliver an acceptce report. An example is shownANNEX D

12.6. RJRTHER REQUIREMENTS

Depending on the application, a radar reflecétrouldmeetthe followingfurther requirements:
1 low weight
1 low manufacturing csts, and
i protection against icingf needed
The low weightould beimportant for the swimming stability dfoating AoN. In regions where ice can form, the

radar reflector must be built or protected so thad damagsoccur (flatness, anguliy).

13. MAINTENANCE

Rust and mechanical damages (damaging the flatnetdeegilates, damaging the rectangularity) reduces the radar
detectabilty. Then the radar reflectors should be repaired or replaced.

13.1. MAINTENANCE FOR OUTSIDE MOUNTED RADAR REFLECTORS

It is important that the coating is in a good conditioRigure41
showsthe coating d aluminium corner reflectorswhich has
been severely attacked by the adverse marine environme
Also brd droppings can contribute tadamage of the @ating.

Figure42 shows refurbished radar reflector$hese have been
sandblasted andhewly coated in the colour of the Uy on
which theywill be mounted.

13.2. MAINTENANCE FOR GERED RADAR
REFLECTGR

If the radar reflector is mourd inside and covered, there is n |
maintenance required. Figured4l

Damaged coating ~ Figure42 Surface
protected with colour
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14. PROCUREMENT OF RADAR REFLECTORS

14.1. MARKET AVAILABLE RADAR REFLECTORS

The market offers a variety of different radar reflectors. As a rule, these are offered for equgmpaigboatsor
yachts. Only few products are offered for use @woN. Nearlyall welkknown manufacturers of AtoBindparticular
manufacturers of buoybaveradar reflectors in their product portfolio.

Their suitability must be checked intensivadyg.,on the basis of the manatturer's data sheetsThe parameters
and technical data given therein are primarily to be compared with the nauggairements. In the second step,
it must bechecked whether the reflector is suitable for the intended environmental conditiomzortarnt data are:

9 radar reflection properties: horizontal and vertical diagrams including RCS values;
I materials and

i protection.

14.2. MANUFACTURING BASED ON GIVEN SPECIFICATIONS

As an alternative to commercially available radar reflectors, radar reflectors cabefsocured according® y S Q a
own specifications or manufactured-iouse.This can be the case in particular if thedar reflector is a load
bearing component of aumyand must be integrated accordingly.

15. MOUNTING

An important parameter regarding theffectiveness of a radar reflector is the mounting height, see sgstion8.
Amounting location as high as possildey.,on a buoy optimizs the radar rangd-igure39 gives agood example
for this.

Furthermore, care should be taken to ensure that there is no constructive shadosvingdyy parts mounted in
front of the reflector.

The radar reflector must be mounted according to the procedure recommended by the manufactiier,shiould
be descibed in detail in the operating instructions.

The AtoNitself shall have appropriate mountingoints to allow the reflector to be mounted in the correct
orientation. The mountingoints mustbe capable of withstanding stresses due tmdy waves and vibrain.
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17. ABBREVIATIONS

AtoN
CAD
CARET
dBsm
HH

HV
IALA
IMO
ISO
ITU
LANBY
MLFMM
PE
PEC
Racon
Radar
RCS
RF
SART
SBR
SM
SOLAS
SR

VH
VTS
vV
WSV

Marine Aids to Navigation

Computer Aided Design

Computer Aided Radar Performance Evaluation Tool
dBSquare Mter

Horizontal polarizatiotransmit, Horizontal polarizatioreceive
Horizontal polarization transmit, &ftical polarizationreceive
International Association of Btine Aids to Navigation and Lighthouse Authorities
International Maritime Organization

International Organization for Standardization
International Telecommunication Union

Large Automatic Navigian Buoy

Multi-Level FasiMultipole Method

Polyethylene

Perfect Electrial Conductor

Radar Beacon

Radio Detectiorand Ranging

Radar Cross Section

Radio Fequency

Search and Rescue Radar Transponder

Shooting and Bouncing Rays

SquareMeter

Safay Of Life At Sea

Speckter Reflector

Vertical polarization transmit, étizontalpolarizationreceive
Vessel Traffic Service

Vertical polarizatiortransmit, Vertical polarization receive

German Federalvaterways and Shipping Administration
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18. SOFTWAREOOLS

[SW1] CARPETCompute Aided Radar Performance Tool
TNO (Toegepast Natuurkundig Onderzoek) Physics and Electronics Laboratory,
P.O.Box 96864,
2509 JG The Hagudetherlands

[SW2] CSTMICROWAVE STUDIO
Dassault Systémes
10, Rue Marcel Dassault, 78140 Véliiacoublay, France
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ANNEX A TYPICADESIGNS

From a global perspective, a wide variety of radar reflecimesised in the field oAAtoN. In preparing this
guideline,some ofthe most common types used by maritime administrations were identified. For these, the

resulting reflection diagramisave beensimulatedon the base 08D models. The following talderesent the

different radar reflectors and their use cases. Note: The inventory is not conclusive.
A.l. OCTAHEDRAL REFLECTOR (RECTANGULAR AND TRIANGLE)

Administration

Type Multidirectional Name Octahedral refletor (rectangularand triangletopmark)
GermanFederal Joint use as topmark and radar reflectorfor steel or
Origin Waterways andshipping Purpose plastic buoys on German inland waterwaydifferent

shapesavailable

. . ) 3D-view
Dimensions simulatedeflector (mm)

Width: 350 Height 600

RCS (9

See simulation diagrams below

Short descriptior/ Special properties

- 9mple construction easy to
manufacture

- Consistent lower level RCS makes this
) reflector suitable for many applications,
SN2 but high RCS values atevations oD,
90° 180° 270°azimuthare not effective
due tosmall spatial angles

Application example(s)

3D-reflection diagram(rectangular)

Wskoy

0001

2D reflection diagramdifferent tilt angles, linear

RCYs m
—— HH&=9.4 IGHzE | e v aGtdieq)
--- HH2=94 1IGHZE| ev alti e
------- HH&=9.4 IGHZE| evaxtiep
---HH&=94 IGHZE| evaxlep™

270
Azi midely

2Dreflection diagram, different tilt angles, logarithmic

RCYs
—— HH&=9.4 IGHZE | e v &0 d eo,
---HH&4=94 IGHZE| eval el
HH&=94 IGHZE| ev &2 W e
--- HH&=9.4 IGHZE| ev a3 W@

270
Azi midtely
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A.2. OCTAHEDRAL REFLECTOR, BALL TOP MARK
Type Multidirectional Name Octahedral reflectoy ball top mark
German Federal Joint use as topmark and radar reflectorfor steel or
Origin Waterways and Shipping Purpose plastic buoys on German inland waterwayslfferent
Administration shapes available
3Dview Short descriptior/ Special properties

Dimensions simulated reflectofmm)

Width: 500; Height: 500

RCS ()

Seesimulation diagrams below

- Simple construction, easy to
manufacture.

- Consistent lower level RCS makes this
- reflector suitable for many applications,
\ﬁ but high RCS values at elevations of 0°;
Sl 90°; 180°; 270° azimuth are not effective
due to small spatial angles.

e,

Application example(s)

3Dreflection diagram(rectangular)

H
Wwskoy

0001

2D reflection diagramdifferent tilt angles, linear

—— HH&=9.4 IGHZE | e v altdieq|
--- HH&=9.4 IGHZE| ev altOl e
- HH&=9.4 IGHZE| ev a20il e

-=-HH&=94 IGHZE| evalep™

270
Azi mdely

2D reflection diagram, dirent tilt angles, logarithmic

90

RCYs mh
—— HH&=9.4 IGHZE | e v &0 d eod
---HH&=9.4 IGHZE| ev &1 W e

~~~~~~~ HH&=9.4 IGHZE|l ev &2 W e
----- HH&=94 1IGHZE| ev &3 e

150

210
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A.3. 2 CORNER REFLECTOR

Type Bidirectional Name 2 corner reflector
Oriain German Federal Waterways PUIDOSE Used in plastic buoys on German inland waterways, bug
9 and Shippinghdministration P have fixed orientation to the waterway
3Dview Short description / Special properties

Dimensions simulated reflector (mm)

Diameter 25Q Height: 700
- Twomain reflection directions

RCS (1) - designed for platic buoys (mounted
inside, protected)

See simulation diagrams below

/gp}

Application example(s) 3D-reflection diagram (rectangular)

HH
4=9.4 IGHz
1000

H
Wspoyd

0001

2D reflection diagramdifferent tilt angles, logarithmic

90 RCgs m
) RCYs rh _ 10 —— HH&=9.4 IGHzE| e v &0 d eog
— HH&=9.4 IGHZE | e v aGdieqgpr" " i 120 ----HH&=9.4 IGHZE| eval e
HH&=9.4 IGHZE| evaltGlep ) O N T e HH&=94 IGHZE| ev &2 We
------- HH&=9.4 IGHZE| ev a0l e [y ---HH&=9.4 IGHZE| ev &3 W @

---+-HH&=9.4 IGHZE| ev a3l e

150

180

210

270
Azi mide]y Azi2n71lgle]g
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&

A4 6 CORNER REFLECHRAR DIFFERENT DIAMETERS FOR THE RESPECTIVE RERQGERED R

Type Omnidirectional Name 6 corner reflectotype SR6330

- Used on steel orin plastic buoys on German inland

German Federal Waterways Purpose and coastal waterways

Origin and Shipping Administration

- Use on beacons

. ] ] 3Dview Short description / Special properties
Dimensions simulated reflector (mm)
- Sx tightly packed corner reflectors

- Good uniform reflection behaviour, especially a
different elevation angles

Diameter:330, Height: 3&

RCS () -
| % - Availablen different diameters
Seesimulation diagrams below o~
Application example(s) 3Dreflection diagram (rectangular)
2D reflection diagram, different tilt angles, lear 2D reflection diagram, different tilt angles, logarithmic

RCYs m RCYs
—— HH&=9.4 IGHZzE | e v aldieog| —HH'azg_Angzg e v & d eod

--- HH&=9.4 IGHZE| ev alt ™ e ----HH4=9.4 IGHZE| eval M e
------- HH&=9.4 IGHZE| evax (e K - HH&=9.4 IGHZE| ev &2 M e

---HH&4=94 IGHZE| ev a3 @l e R N R HH&a=94 1IGHzEl eval We

Az iﬂ[ﬁem Azi e
Diameter / mm 300 330 480 900
Max. RCS (A F10 15 F70 900
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A.5. 6 CORNEREFLECTOR
Type Omnidirectional Name 6 cornerreflector
- Netherlands, s
Origin Rijkswaterstaat Purpose Usedon buoysand fixed structures
3Dview Short descriptior/ Specialproperties

Dimensions simulated reflectofmm)

Width: 3@2; Height: 247

RCS ()

See simulation diagrams below

®

- Good experiencg over many years

Easy to manufacture
Easy to install

Application example(s)

3Dreflection diagram(rectangular)

HH
84=9.4 IGHz
1000

100

10

[T T T
-
WsEoy

o
-

001

0001

2Dreflection diagram different tilt angles linear

RCYs rh
—— HH&=9.4 IGHzE | e v aldieoy|
--- HH4=9.4 IGHZzE| evalt e
""""" HH&=9.4 IGHZE| eva2 O e
----HH&=94 1IGHZE| eva3ef. ..

270
Azi midely

2D reflection diagram, dirent tilt angles, logarithmic

RCYgs
—— HH&=9.4 IGHzE | e v &0 d eog
----HH&=94 IGHZE| eval Me
-------- HH&=9.4 IGHZE| ev &2 Wde

----- HH&=94 IGHZE| ev a3 W e
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(-]

A.6. 8 CORNEREFLECTOR
Type Omnidirectional Name Englist8 sidedreflector
Origin England;Trinity House Purpose - Useonbuoys
g g ’ y P - Use onfixed structures
3Dview Short descriptior/ Special properties

Dimensions simulated refletor (mm)

Width: 573; Height: 342

RCS (9

See simulation diagrams below

- Eight tightly packed corner reflectars

- Good uniform reflection behaviour,
especially at different elevation
angles

Application example§)

3Dreflection diagram(rectangular)

HH
v 4=9.4 IGHz
1000

| ) O 10
¥ o
b o
= y 2 Bl
S"K - A wﬂ . 0
=N — \ é"ﬁ @
! \ ; ’ =
0.1

0001

2D reflection diagramdifferent tilt angles, linear

90

RCYs
[—— HH&=9.4 IGH zE | e v adieoq|
--- HH&=9.4 IGHZE| ev alt(d e
....... HH&=9.4 IGHZE| ev a2z e
----HH&=9.4 IGHZE| evaldef”

270
Azi mdely

2D reflection diagram, dirent tilt angles, logarithmic

RCYs
—— HH&=9.4 1IGHZzE | e v &0 d eog
----HH&=9.4 IGHZE| ev al (e
-------- HH 41GHZEl eval Mefy
_____ HH&=9.4 IGHZEI| ev &3 W e

ot
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A.7.

10 CORNEREFLECTOR

Type

Omnidirectional

Name

10 cornermeflector

German Federal

Origin Waterways and Shipping Purpose

Administration

Useal on buoys
Usedon fixed structures

Dimensions simulated reflectofmm)

Width: 482, Height: 300

3D-view

Max. RCS ()

Short descriptior/ Specialproperties

- Smilar to the 8cornerreflector.

- Good uniformity.

- Considerable side lobe interference
- Rpple in the elevation curves

See simulation diagrams below

HH
&=9.4 IGHz
1000

wskoy

0001

RCYs h
—— HH&=9.4 IGH zE | e v aldieoy|
--- HH&=94 IGHZE| ev alt e
------- HH&=9.4 IGHZE| ev a2 e p-
---HH&=9.4 IGHZE| evalde

270
Azi mdely

2D reflection digram, different tilt angles, logarithmic

RCYs m
—— HHa=9.4 IGHzE| e v &0 d eog
--—-HH&=94 IGHZE| eval e
........ HH&=9.4 IGHZE| ev a2 MWe fy

----- HH&=94 IGHZzE| ev &3 e
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ANNEX B PARAMETERS USED FOR CARPET SIMULATION

X-band radar

Sband radar

[Transmitter Parameters]

Mean Carrier Frequency= 9410 MHz
Peak Power= 25.000 kw

Pulse Length (uncompressed)= 0.400 ps
Insta ntaneous Bandwidth= 3.3 MHz
Pulse Repetition Frequency= 1.400 kHz
Transmitted Pulses per Burst= 1
Pulse Bursts= 1

Transmitter Losses= 2.0dB

White Phase Noise Density= -120.0 dBc/Hz
Coloured Noise Power= -40.0 dBc
Cut - off Frequency= 1.0Hz

StDev Timing Jitter= 0.100 ns

[Transmitter Parameters]

Mean Carrier Frequency= 3050 MHz
Peak Power= 30.000 kW

Pulse Length (uncompressed)= 0.400 ps
Instantaneous Bandwidth= 3.3 MHz
Pulse Repetition Frequenc y= 1.400 kHz
Transmitted Pulses per Burst= 1
Pulse Bursts= 1

Transmitter Losses= 2.0dB

White Phase Noise Density= -120.0 dBc/Hz
Coloured Noise Power= -40.0 dBc
Cut - off Frequency= 1.0Hz

StDev Timing Jitter= 0.100 ns

[Receiver Parameters]

[Receiver Parameters]

MTI none
MTI none Doppler Filter Bank= f
Doppler Filter Bank= f PP o
) Taper Doppler Filter= Blackman

Taper Doppler Filter= Blackman ) )

. . Noise Figure= 6.0 dB
Noise Figure= 6.0 dB .

; Receiver Losses= 1.0dB

Receiver Losses= 1.0dB .

. Processing Losses= 0.0dB
Processing Losses= 0.0d8B False Alarm Probability= 1x10" -6
False Alarm Probability= 1x10" - 6 ; y=
Fill Pulses = 0 Fill Pulses= 0

o Dev Timing Jitter= A
StDev Timing Jitter= 0.100 ns Stbev Timing Jitter 0.100 ns
[Antenna  Parameters] [Antenna Parameters]

Type= rectangular Type= rectangular
Vertical lllumination= uniform Vertical lllumination= uniform
Polarization= horizontal Polarization= horizontal
Tracking= none Tracking= none
Transmit Gain= 29.5 dBi Transmit Gain= 26.5 dBi
Receive Gain= 29.5 dBi Receive Gain= 26.5 dBi
Azimuth Beamwidth= 1.0 deg Azimuth Beamwidth= 1.9 deg
Elevation Beamwidth= 20.0 deg Elevation Beamwidth= 25.00 deg
Azimuth Sidelobe Level= -35.0dB Azimuth  Sidelobe Level= -35.0dB
Beamshape Losses= 0.0dB Beamshape Losses= 0.0dB
Dissipative Losses= 0.0dB Dissipative Losses= 0.0dB
Tilt= 0.0 deg Tilt= 0.0 deg
Height= <value> m Height= <value> m
Frame Time= 25s Frame Time= 2.5s
Target

[Target Parameters]

Radar Cross Section= <value> m2
Range= 37.0 km

Velocity= 0.1m/s

Altitude= <value>m

Swerling Case= 1

Circular Polarization RCS Red .= 5.0dB
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Common parameters

[Ra dar Toggles]
Phase Noise=
Doppler Processing=
Pulse Compression=

Timing Jitter= t
Rotating= t
[Propagation Toggles] [Propagation Parameters]
Troposcatter= t Air Temperature= 15.0 degC
Attenuation= t Atmospheric Pressure= 1020 hPa
Free Space= f Relative Humidity= 70 %
Surface - Based Duct= f Surface Refractivity= 328.3 N units
Evaporation Duct= f Wind Direction= 0 deg
Antenna Noise= t K- factor, Refractivity Gradient= 1333.3 Nunits/km
Multipath= f Galactic Noise Activity= average
Sea State= 3
Sea Salinity= 35 promille
Water Temperature= 10.0 degC
Evaporation Duct Heigh t= 10.0 m
Surface - Based Duct Height= 100.0 m
Wind Force= 3 Beaufort
Land Temperature= 10.0 degC
Water Content Soil= 60 %
Surface Roughness= 0.1m
Soil Type= average
[Clutter Toggles] [Clutter Parameters]
Sea Clutter= t Land Clutter Reflectivity= - 38.0 dBm2/m2
Land Clutter= f Rainfall Rate= 4.0 mm/hr
Constant Gamma= f Chaff Density= 30 g/km3
Rain= t/f Minimum Range Rain/Chaff= 3.0 NM
Chaff= f Maximum Range Rain/Chaff= 10.0 NM
Maximum Altitude Rain/Chaff= 3000 m
Circular Pol. Power Reduction of
Rain Clutter= 20.0dB
[Jamming Toggles] [J amming Parameters]
Barrage= f Power= 10.000 kW
Responsive= f Antenna Gain= 12.0 dBi
Bandwidth Barrage Mode= 600 MHz
Bandwidth Responsive Mode= 10.0 MHz
Range= 200 km
Altitude= 3.0 km
[Layout]
Performance Paramet  er= range
Minimum Plot Range= 1.0 km
Maximum Plot Range= 60.0 km
Range unit= NM
Altitude unit= m
Probability of Detection= 90.0 %
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ANNEX C EXAMPLE FOBESIGNIN@G RADAR REFLECTORMOYSTIC BUOYS

Encouraged by the good correlati between simulation and measurement results, the Gerraderal Waterways
and Shipping Administratio@/VSV) has incorporated thebtained knowledge intothe development of radar
reflectors for plastic buoys. In the following, the path from the nauti@juirements to the first draft, its
simulation, laboratory confirmation up to range measurements in practice is described.

C.1.1. NAUTICAL REQUIREMENTS

For plastic buoys, used at river estuargasl shallow waters in the Germaiorth Seaand BalticSeaan approprate
radar reflector had to be developed. The basic nautical demands were as follows:

a omnidirectional reflection behaviour
b reflectionbehaviour as constant as possible at tilt anglesmsetn-30° to 0° to +3Q°
maximum detection rangé NM
d minimum shipbeone antenna heighl0m; and
e minimum mounting height of the radar reflector in the bubyn.
C.1.2. INITIAL DESIGN

The WSV uses theadar reflectortype SRFigure43) which consists of a-6
fold combination of individuecorner reflectors aaurding to sectiorv.4.3 as

standard radar reflectorisce many years, as it providesnnidirectional

reflection characteristi¢req.a) and a goodilt behaviour(req. b)

Assuming a raa antenna height of 10 m on a vessel (reqg. d) and a moun
height of the radar reflector in the buoy of approx. 1 m above the waterl
(req. e), a max. RCS of approx. BQXband)results according tdable8 for
the required radar range of 5 NM (req. c).

For an RCS of 10?jrthe required edge length of a single corner reflect
(Figure44) can be calculated to appro®.22 m according to sectioh4.1

An average edge length of 0.22 m in théoB arrangement of the SR6 radz
reflector can be realized with a diameter of appro@03nm.

Since thereflector was to be installed in the plastic buoy, the possit Figure43 SR6 radar reflector
attenuationof the surrounding plastic in relation to the radar reflection was
investigated see section 11. As a safety margin for any effects due t-
attenuation, interference, etc., the diameter was increased by4d,0whch
leads to an approx. 4% larger RS compensate the potential losses in th
plastic cover

QD —P

Figure44 Corner reflector
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C.1.3. SMULATION

A 3D design was
created, which was
then transferred to the
simulation  software
according tosection9.

HH
4=9.4 IGH
100¢

RCs
—— HH&=9.4 IGHZE | e v &0 d eo
----HH4=9.4 IGHZE| eval M e

HH&=04 IGH7El ev a2 Gie
---HH&=9.4 IGH7E| eval We

The simulationresults &
are shown irFigure45 | &
andFigure46. ’

As briefly calculated
before, the maxmum
RCS value is abou
10m2

0.1

001

0001 90
Azi midely

Figure45 Spherical 3MRClot Figure46 RCSit 0°,-10°,-20° and-30°

C.1.4. LABORATORY MEASUREMENTS

From the 3D desigrthree real

samples were made from
alumnium (Figure 47) and

measured according to
section10. Figure48 shows the
measurement results of the |
three samples in a diagram.

The  comparison  between
simulation and measumaent
result shows aelative goodevel
of agreement.

RCgs h
— #1HHE| e v aQdieogr9.4 1GH
--- #2HHE| ev altdieq®9.4 IGH 50
#3HHE| ev aQdiegiv9.4 1IGH Azi-m[nne]b

The differences-especialy the

deep cuts and the increases i £ | Figure48 RC%it 0°,-10°,-20° and-30°
reflectivity- are due to the Figure47 First sample of
following factors: SRE330 radar reflector

1 Manufacturing tolerances

The angle between the main reflector plates is not 90° exactly.
Theflatnessof the reflector platesis not perfed.
9 Blunt edges due to the thiness of the material

91 Productionrelated slits between the sheets, as the wialgicould not be made continuous

C.1.5. MEASURMENT RESULTS

The radar reflection properties planneatheory, simulated on the basis of a 3D model and measured on a sample
of the intended radar reflector have been verified in practice using the radar reflector mounted on aThey.
results of the real tests witbuoys and ship radar systems on the wadez described iANNEX E

In conclusion, the initial considerations, the subsequent simulation, the measurements onrghedinple
reflectors and the subsequent tests in practice resulted in very good agreements.
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ANNEX D EXAMPLEECRACCEPTANCE PROTOCRCOMING GOODS INSPECTION

The following is an example of how the incoming goods inspection for radar reflectonsfactured to order can
be carried out and documented.

GERMAN FEDERAL WATERWAYS AND SHIPPING ADMINISTRATION ‘ﬂ

Traffic Technologies Centre WsV.de

Acceptance protocol for radar reflectors SR 6

Delivery according to order number:

Contractor:

Date of acceptance test:

Reflector type:

The drawings on which the order is based are decisive for the acceptance of the radar reflectors.
The following points are examined in detail:

1. The deviation from the flatness
at each of the 6 corners. The permissible
tolerances for radar reflectors are
with a diameter:
upto500 mm = 1 mm
and above 500 mm < 2 mm.
The areas a, b and c are measured parallel to the
neighbouring areas (distance 5 cm) and on the bisector
between the neighbouring areas. surfaces.

2. The tolerances (< £ 0,5°) of the angles a1, a2 and a3 of
all 6 corners of, respectively measured in the centre,
centre and outside. Corners counted from top

clockwise

3. The dimensional accuracy including the flatness of the flanges.

4. Check the weld seams for tightness (test pressure 0.2 bar)

Test results see attached tables

Contractor Principal

12
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GERMAN FEDERAL WATERWAYS AND SHIPPING ADMINISTRATION ‘ﬂ

Traffic Technologies Centre WsV.de

Corner no. counted from the top clockwise

Test for... 1 2 3 4 5 6
Flatness Area a
Area b
Corner-
area
Area c
Angle a1
Angle Angle az
tolerance
Angle as
Test for... Passed Failed
Tolerances

Flatness of the flanges

Weld seams

Comments:

2/2
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ANNEX E MEASUREMENTS ON PLASTIC MATERIAL

E.1. INTRODUCTION

To investigte the impact of a plastic cover on the properties of a radar reflector, the GeFederaWaterways
and Shipping AdministratiofySVconducted a series of measurements.

E.2. UMMARY OF MEASUREMENT AND TEST RESULTS ON THE INFLUENCE OFERISASTIC CC
ON THE RFLECTION BEHAVIOUR OF RADAR REFLECTORS

The laboratory measurements do not show any significant impairment due to plastic wseein the trialsThe
real tests on land and on the water also confirm thise results can be summeaet as folbws.

1 the inwestigated plastic (polyethylen®g is suitable from a radar technology point of view
9 the colouring of thd®?Ehas no negative influen¢and

1 potentialreflectionsandinterferenceshave no significant influence

The following pointsvere rot investigaed:
1 the behaviour of other plastics than polyethylene
1 the influence of different wall thicknesses
1 the influence of different distances between the radar reflector and the plastic camdr
1

plastic covers of other shapes.g.,conicalshapes, etc.
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E.3. MEASUREMENTS ON PLASTIC COVERS
E.3.1. LABORATORMEASUREMENTSN PLASTIC MATERIAL
A series ofirst steplaboratorymeasurements were carried obly the WSWith the following goals:
9 determination of the relative permittivity of the usqulastic;
1 measurement of th reflection factor of the plastic as a function of the thickness of the cpand

1 measurement of the transmission factor of the plastic as a function of the thickness of the cover.

® 42002017 112221 AM
1311.6010K62-101584-e5
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Mems[Trcd] 521 dB Mag 5 dB/Ref 0 dB Trcb —— 521 dBMag 5dB/Ref0dB Cal
Mem?[Trc6] —— 521 dB Mag 5 dB/ Ref 0 dB Tred 521 dB Mag 10 dBf Ref 0 dB Cal
Memd[Trc8] —— 521 dB Mag 10 dBf Ref 0 dB
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Figure4d9 Measurement results, attenuation of plasticnsples

Figureb0 Test setup

The result was that the testeE plastic is in general suitable foistapplication. The colouring had no significant
impact on the test results. The measurement showed that the transmission of the signal through the plastic
depends on the relationship between the thickness and tigaai wavelength; to meet the goaf desgning the

plastic coverto be as transparent as possible (high transmission fadarpppropriatethickness of the material

has to be chosen. The trials showed, that best results can be achieved if the thickttessmier is a multiple of

the radar waelength. As the tests were conducted inside a waveguide, tests with real covers of different thickness
should be conducted to confirm this postulation.
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E.3.2. COMPARATIVE LABORATORY MEASUREMENTS WITHOUT AND WITIEGVESTI

In order to assess the effect§ @aplastic cover in realitjaboratorymeasurements were carried out on a SR6 radar
reflector with a diameter of 330 mm

Figure51 Radar reflector
without cover

Figure53 Result of he comparative measuremeras 9.4
GHz and 0° elevation

- without plastic cover (black soliithe)

- with plastic cover (blue dashed line)

Figure52 Radar reflector with
plastic cover

The measurements wergerformed according tdahe same procedure as describedsaction10.2, first without
and then with a plaic cover, sedigure51 andFigure52.

The plastic cover was cut out of a commercial available plagtig to makethe measurementonditions as real
as ssible.The plasticoverhad an outer diameter of 400 mm and a wall tlieks of 12 mm.He polyethylene
was solid coloured

The result was that the transparency of the plastic is really good and the other expected effects, such ac
interference, also hee only a minor impacthe measurements show that the plastiozeoonly has a minoimpact

on the reflection behaviour in thiarrangement This can be seen Figure53, which shows measuremengsults
without and with plasticover together in one diagram.die the linearscaling.
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