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The feed system design and synthesis method has been extended alsih $ystEmg
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Tassa tyossa kehitetddn syoéttojarjestelmien suunnittelumenetelma hologrg
perustuviin  kompakteihin  antennimittauspaikkoihin. Hologrammiiperustuvas
antennimittagpaikkaa voidaan kayttaa suurten antennien testaamiseen milijae
alimillimetriaaltoalueella. Syéttojarjestelmia kaytetddn muotoillun valaisun ai
saamiseksi hologrammille. Kun kaytetdan muotoiltua valaisua voidaan Viédipéét
raot hologrammissa. Kapeat raot ovat vaikeita valmistaa tarkasti ja rajo
hologrammin polarisaattominaisuuksia.
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1 Introduction

Large millimetre and submillimetre wave antennas wsedto study the earth and the
universe atmillimetre andsubmillimeterwavelengths Severalongoing space research
projectswill study theuniverse at sufillimetre wavelengthse.g., HerschelESA) [1],

[2], Planck(ESA) [1], [2], SPIRIT (NASA) [3], and SPECYNASA) [3]. Examples of
missions to study the atmosphere at submillimetre wavelengtisG8eMLS (NASA)
[4], and SMILES (NICT, JAXA) [5], [6]. Electrically large reflector antennas are chese
for high angular resolutiomccurate manufacturing of the reflector is very difficult and
therefore the operation of the antenna should be verified with measurements firér to
launch.

A compact antenna test range (CATR) is best suited for testigg hntennas at high
frequencies. In a CATR, the féield conditions,i.e., a quiet zone (QZ), needed for
testing the antenna under test (AUTare created with a collimating element.
Conventionally,the collimating element in a CATR is a reflector oset of reflectors.
The highest usable frequency of a reflediased CATR is typically limited by the
surface accuracy of the reflectors.

MilliLab at TKK Helsinki University of Technology has developed a hologtmsed
CATR sincethe 1 9 9 (7§ §8]. A hologrambased CATR can be used to test large
antennas at millimtee [9], [10] and submillimetre wavelengti$1], [12]. The hologram

is a light weight planar structure and therefore much easier and cheaper to mamufact
than the large reflectors in the conventional CATRs.

Traditionally a corrugated feed horn has been used to illuminate the hologram. Becaus
of the high edge illumination, narrow slots have been needed at the edges of th
hologram. These narrow slotseatifficult to manufacture accurately and limit the use of
the hologram taa polarisation parallel to the slots, i.e., the vertical polarisation. The
narrow slots can be avoided by using shaped illumination of the hologram. The shape
illumination can beealised by designing a feed system that modifeek Bmplitude and
phase patteraof the primary feed,e.,a corrugated feed horn.

A dual reflector feed system (DRFS) damused as a feed system for a hologitzased
CATR [13], [12]. Previously, a 310 GHz DRFS for hologrdrased CATR has been
demonstrated at 310 GH44]. A numericalray-tracing based synthesis meth¢d5],
[13] was developed specifically for this purpokater, a 650 GHz DRFEL6], [17] was
designed as part of a large antenna measurement gadfecdame raytracing principles
canbe used to design a feed system based on shaped lenses.

In this thesisthedesignprinciple of thefeed systems for holograbeased compact ranges

is presentedThe synthesis method and design procedure, used to design the dus
reflector feed systems, generalised also for shaped lens feed systems. The 650 GHz
DRFS and a design example of a shaped lens feed system are priesgetaid
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2 Antenna measurement techniques

Antenna measurement techniques can be divided into three basic typésidfar
measuements, neafield scanning techniques and compact antenna test ré08a®R).

In general, antenna measurement aims at determining the arddrataonpattern.Also,
for exampleantenna impedance, radiation efficiency, etc. can be measured.

Antenna patrn includes relative amplitude, relative phase, polarisation, and the power
gain [18]. Often antenna pattern is expressed as amplitude and phase pattenasnfo
ard crosspolarisations

Farfield and neafield measurements are briefly explained in Sesti@rl and 2.2,
respectively. In Sectio.3 compact antenna test ranges are explained.

Antenna measurement results of this thesis ar€hapter8. Many different antenna
measwement techniqueareused.In Section8.1, the 650 GHz feed horrere measured
in the farfield of the AUT.In Section8.2, the 650 GHz DRFS is measured by rgzld
scanning. In SectioB.3 the 650 GHz DRFS is used ircampact antenna test ranged
the quietzone quality is tested with nefield scanning.

2.1 Far-field measurement

Farfield measurement setup is illustratedFigure2.1. The antenna under test is placed
in the farfield of the range feed. The field illuminating the AUT is (nearly) a@lave,
i.e., planar wave fronand castant amplitude in the whole volume where the AUT is
placed. The radiation pattern of the AUT is recorded as function of the rotatiordangle

o

Range \ d,

feed / \ \ AUT
) I
Spherical Plane
wave wave

Figure 2.1: Far-field measurement.

In far-field region the radiation pattern is a function of angle and does not depend on the
distancerom a specified point in the antenna regj@f]. Fielddepends othedistance
as

E(r)~e ™ /r (2.1)

where k=2p// is the wave number. Field amplitude decreased/as The phase
changesn direction of propagatiom same way asa planewave field. In faffield the

12



ratio of electric and magnetic field is a constant called a wave impedahtezacuum
(and in aindp@  3W. The electric and magnetic fieddre orthognal to each other and
to thedirection of propagation.

Typicaly far-field criterion isdefined as:

.5 2D?
/

2.2)

whereD is the diameter of the antenna ahts the wavelengthThe farfield criterion is
defined as the distance from the antenna where the distance to the edge of the antenn:
//16 longer than the distance to the centre of the antenna, i.e., phase deviation from
plane wave is 22.5 For example, if the first side lobe iati 40 dBthenside lobe level
measuremergrroris 1 dB at a distance &D?*// [20].

At submillimetre wavelengthdor a large antennthe farfield criterion can be tens of
kilometres and atmospheric attenuation is very high; therefofeefdrmeasurements can

be impossite. For example, the fdreld criterion (2.2) gives about 10 kmfor a 1.5 m
diameterantenna at 650 GHEarfield measurements are possible for small antennas, as
for example the fafield criterion isonly about 4 cnfor a 3 mm diameter antenna at 650
GHz.

The 650 GHz feed hornsy Section8.1, are measured in the faeld of the AUT.Instead

of rotating the AUT, the radiation pattern is measured with a planar scarimer.
measurement distance of about 1 m is clearly in théeflar region. Aso-called three

antenna methois used to measure the beam widths of the threkHems.

2.2 Near-field measurement

In nearfield antenna measuremeritee antenna radiation is measured in the near field
and the faffield radiation is calculated from the ndald data for example using the
Fouriertransform.The near field is sampled wita probe antenna aa surface in the
radiating neafield of the AUT. The sampling surface can be planar, spherical or
cylindrical.

The sampling interval has to be smaller ti@a for the full angular coverade1] and
position accuracy better tha100. The measurements of large high frequency antennas
arevery challenging because of the required high dynamic range, probe position accurac
andvery high number of ampling points.

Example of earfield measurements at frequencies up30GHzis in[22]. A very high
precision granite scanner mechanism was used to achieragthieed planar accuracy.

Error sources in nedreld measurement are analyskat examplein [23], [24]. Error
analysis of a nedield measurement system is in general a combination of cfosed
equations, simulations, and measurement tests.

In planar neafield measurements the planarity error of the scanner can be very
significant error source. Planarity errors can affect the measured phase significantly a
high frequencies as the planarity affects directly the measurement distance, i.e., th
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electrical path length. The phase erfd(x, y) caused by planarityreor z(x,y) can be
expressed simply as:

D Xx,y)=- MC%O_. (2.3)

Equation(2.3) is valid only for incident plane wave but can be used also for incident
spherical wave if the resulting path length error is small (incident angle is small).
Planarity errors can be corredtérom the measurement results if the planarity of the
scanner is known.

The 650 GHz DRFS is measured by nield scanningin Section8.2 The farfield
patternwas not calculated as the DRFS is usethe neaifield region tar-field criterion
gives a few hundred meters and the distance to the holagrdZn72 m). Averaging of
measurements, drift compensation withg@ans, probe correction, aaglanarityerror
correctiontechniques were used to reduce the measurement errors.

2.3 Compact antenna test range

Compact antenna test range (CATR) is based on using a collimating element that creat
the needed fafield conditions for the antenna measurement. Thewhese the fafield
conditions are created is called the quiet zone (QZ). drttenna under tesA(T) is
rotated as in the fdreld measurements and the radiation pattern is recorted.
collimating element can be a reflector, a set of reflectors,sa é&gra hologramCompact
rangescanalsobeused in radacrosssection(RCS) measurements.

The devel opment of \VitAlErRed25s [R6h The eefliectar based 9 5
CATRs have been dev BET],¢206 eAdnolegiambased CAlRRwad 9 6
first proposed in 199p7].

Main advantage of a CATR is th#te measurements can be damsgide in controlled
environment in relatively small space. Also, there is no need to calculate neafiétdfar
transformationas in the neafield measurementdJsually ripple of 1 dB peako-peak
and 10° peako-peak is allowed at maximum in the queeine field amplitude and phase,
respectively

2.3.1 Reflectorbased compaantenna testange

The most common CATR is based on aaetibr or a set of reflectors. Reflector based
compact antenna test ranges @mmonly used at frequencies up to 200 G2g, [29].

A reflectorbased CATR has been used in antenna test up to 50Q35H4 he highest
usable frequency of a refiftorbased CATR is typically limited by the surface accuracy
of the reflectorsThe surface accuracy r eq(lB.rTeeme n:
lowest usable frequency is limited by the diffracted fields from the edges of the reflectors
as the diffracted fields are strongest at low frequern2éls

The man reflector has d be larger than the quizbne. he quietzone diameter is
typically about 1/3 of the main reflector diameter for a single reflector CATR and 2/3 for
dual reflector CATRReflector geometries used agesingle offset reflectdr27], a dual
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cylindrical reflector[32], a dual offset reflectof29], [33], [34] and a triple offset
reflector[35], [36]. Examples of CATR geometries are illustrateérigure2.2.

Spherical main reflector

Paraboloid

Feed horn

Feed horn

Figure 2.2: Examples of aisgle offset reflector and a trireflector CATR.

Offset paraboloidal redictors produce typically abouBO dB crosgolarisation level to

the QZ[26]. The crosgolarisation performance can be improved by using two reflectors
and by choosing the parameters of the CATRhs the crospolarisation is minimised
[37], [38]. Examples of crospolarisation compensated CATRs ard 29], [33)].

Diffraction from the reflector edges causes ripples to the QZ. The edge diffraction can b
reduced with reflector edge treatment, e.g. serrat{@3%, rolled edge[39], or by
reducing the edge illumination by shaping the refledid4, [35].

2.3.2 Lensbased compadntenna testange

A lens can be used as a collimating element in a CATR. Geometry of a classieal lens
based CATR is presented kgure 2.3 [40]. The lens is designed to correct the phase
pattern ofthe range feed to a plane wawe.[41], plastc foam lens is used with added
loss into the lens so that also the amplitude is nearly uniform behind the lens.

Advantages of the leAsased CATR arg26]: high utilisation factor(ratio of diameter of

the collimating element to the diameter of the QZ), low cpmdarisation level, and that
there is no direct radiation from the feed to the QZ. Disadvantagd2@reamplitude
taper(due to feed horn amplitude pattern and transmission coefficient at larger incident
angles, relatively long length, and the need to achieve homogeneity in the dielectric.
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Antenna "

Figure 2.3: Geometry of a classical lefisased CATR designed for radansssection
(RCS) measuremerit4Q] .

Lenstype compact antenna test range at-mavesis studied in42], in which the lens
shape is caldated witha raytracingmethod presented [43].

Compact antenna range based on aiensinly potential at ery high frequencieasthe
surface accuracrequiremat for a reflector becomes too stringeBecause a lens is a
transmissiortype element and because the wave length is shorter inside thehkens

surface accuracy requirementweighted by(\/?r - 1)/ J2 compared ta reflector[42].
e, is the relative permittivity of the lens material. The difference of the effect of a surface
error is illustrated ifFigure2.4.

Reflector Lens

VA,
v

Figure 2.4: The effect of a surface error in case of a reflector and in case of §4&ns
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2.3.3 Hologram-based compacintenna testange

A computergenerated radivave hologram can be used as a collimating element in a
compact antenna test ran@. The hologram isninterference pattern of the wal@nt
illuminating the hologram and thaesired goal field44]. In a CATR, the goal field ia
plane wave in the quiebne.

Antenna tests that have been done in hologrased CATRs are listed in Section
2.3.3.1 All holograms used in antenna tes$tave been transmissidype amplitude
holograms.Also, phase hologramgl5], [46], and reflectiortype hologramg47] have
been studied.

A schematic layout of a holografmased CATRusing a transmissietype amplitude
hologramis shown inFigure2.5. Typically, an offset angle of 33is used to avoidirect
radiation through the holografrom affecting the QZThe hologram pattern is etched on

a metal layer on a thin Mylar film. The pattern consists of vertical, slightly curved slots in
the coppeftaminate. Because of the planar structure and because the hologram is .
transmission type element, the manufacwi@ecuracy requirement is not as high as for
reflectors. The accuracy requirement is only 1/10 of that required for a reflegtor.
hologram is light weight and inexpensive device compared to other types of collimating
elements in CATRs.

Hologram

~

< ) IEInIRIETEIEr
NG 330
Feed !

Quietzone
Absorbers

Figure 2.5: Schematic layout of a holograbased CATR.

The hologram isdesigned with electromagnetic simulatiop®]. An example of a
hologram pattern is presented kigure 2.6. The structure of the hologram is analyse
with finite-difference timedomain method (FDTD) and the quisine field is calculated

with physical optics (PO) from the aperture field. Because the whole hologram is too
large to simulatén one simulationonly one cut of the nonuniform metal gratirg
analysed [44]. The crossolarisation is not analysed in these itdimensional
simulations, therefore crogmlarisation is calculatedith amethod presented [48].
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Figure 2.6: Example ofa transmissiortype amplituddiologram patternMetal is in
black and slots in white.

A transmissiortype hologram can be an amplitude hologram or a phase hologram. In an
amplitudetype hologram the radiation is partially blocked by metal strips and partially
transmitted through slots between the metal strips. A phase hologram is basedllgn |
varying the effective electrical path length, for example by varying the effective thickness
pattern. A phase hologram can be realized by milling grooves on a dielectric substrat
[45]. With a phase hologram it is possible to have higher conversion efficiency, i.e.,
lower losses.

A phase hologram has been used in a hologrased compact radar cross section (RCS)
range for scale model measurements at 310 {38z The layout of the RCS range is
similar to the layout inFigure 2.5. The sale model is placed in the QZ and the
transmitter and receiver are separated with a dielectric slab working as a directiona
coupler.

A reflectiontype phase hologra®@ATR has also been designel]. In a reflectiortype
phase hologram grooves are milled into a metal slab. The main advantages compared
transmissiortype holograms are lower losses and that the harmful reflections inside the
hologram are avoided.

2.3.3.1 History of antenna tests in &ologrambased CATR

Hologrambased CATRs have been used in antenna at$tsquencies fror89 GHz up
to 650GHz[9]i [12].

In [9], a planar antenna made of array of waveguide fed Hd@jsis measured in a
hologram CATR at 39 GHz. The QZ measured to be 70 cn¥d5 cm. The sameantenna
was masured also with nedield scanning and with conventional f&eld technique and
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the measurement results are founddeee well down to sidiebe levels Bi 35dB below
peak[9].

Measurement of the Odin telescofi#] at 119 GHzis presented iff10]. The Odin
telescope has a 1.1 m offset reflector antenna showigure2.7. The 2.4 mx 2.0 m
hologram produces abo@t65m x 1.55 mQZ. The measured main lobe is symmetric
and the beamwidth is as designe(d.(].

Figure 2.7: Thel.1 m offset reflector antenna on the Oditedlite [1Q] .

A 1.5 metre diameter antenna was measure@2at GHz in 2003. The design and
construction of the CATRInd the QZ tests apFesented iff51]. Theantenna test results

are presenteth [11]. The antenna under test was ADMIRALS representative test object
(RTO) [30]. A photograph of the RTO is iRigure 2.8. The 3m-diameter hologranis
soldered together from three separate pietés. measured antenna radiation pattern
corresponds reasonably well to the simulated pattern. The effect of tHdeabmuiet

zone field on the measured radiation pattern was investigated by computing the radiatio
of the simulated antenna including the effect of the measuredapnetfieldin [11].
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Figure 2.8: ADMIRALS RTQon the antenna position¢t]].

In 2006, the ADMIRALS RTO was tested 850 GHz in a holograrhased CATH12].

This is the highest frequency at which a large antenna has ever been measured in a
CATR. The hologram diameter is 3.16 m. BRFS is used to provide a modified
illumination for the hologram for a first time in an antenna measurement. The range feed

i.e., the DRFS, is placed 12.72 m from the hologramthadAUT is placed about 9 m
from the hologramLayout of the CATR is shown iRigure2.9.

Range feed, Absorbers
transmitter Scaffolding supports
\ ,_/ for absorbers
V4 b >
Absorbers/ 2 2

on the floor

Antenna
under test,
receiver

Figure 2.9: Layout of the CATRR17).
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2.3.3.2 Feed system for a holograthased CATR

Traditionally a corrugated feed horn has been used to illuminate the holf@rdi0],

[11]. This leads to high edge illumination of the hologram and the slots in the hologram
pattern need to be narrowed towards the edges to reduce the ripple caused by ed
diffractions.

Traditionally the holograms have been limited to be used onlyatlinearvertical
polarisation. That is because transmission of a horizontal polarisation through the vertice
slots is nearly independent of the skatth [52]; ard thereforeedge diffraction at the
horizontalpolarisationis not avoided with the narrowing of the slots.

The narrow slots are also difficult to manufacture accuratelgnay happen that the
narrow slots are not completely etched and that reduces bgrénm size and increase
edge diffractior{44].

The narrow slots can be avoided if the hologram is illuminated with a modified
illumination. For example, a dual refieor feed system (DRFS) can be used to modify the
hologram illumination14], [17]. The hologram illumination can be designed to have a
flat amplitude to the centre of the hologram and amplitude tapering to the edge of the
hologram. Hologram designed for such modified illumination does not neeldatge

the amplitude distributioand therefore the narrow slots can be avoidée. hologram is

only used to transform the spherical phase front to a plandddhé\voiding the narrow

slots has several advantages.

An example of slot widths of holograms designedafarodified illumination and fothe
traditional Gaussian illumination is shownHigure?2.10.

I
wn
o

_‘M
w%mﬁﬁww‘\
250 /,/ \
150

/ === For DRFS illumination

For Gaussian illumination
[ | |

-300 —200 —100 0 100 200 300
X’ (mm)

('S}
U
(o]

n
je]

Slot width (micrometers)

Figure 2.10: Example of Iot widthsof a 310 GHz holograsmalong the centreline
designed for modified illumination (from DRFS) or for a traditional Gaussian
illumination[53)].
The advantages of using the modified illumination are listed in the following paragraphs.

1) The slots in the hologram pattern can be wider aedstot widths can balmost
uniform which simplifies the manufacturing of the hologram

2) The hologram can be optimised for both vertical and horizontal polarisghigins
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3) The hologram can be designed to operate almost identically at both linear
polarisationg52]. Hologram that operates identically at both linear polarisations
could be used to $eantennas at circular polarisation.

4) Crosspolarization in the QZ with a hologram designed for a corrugated feed horn
is from115 dB toi 20 dB[44], [48]. By using the modified illumination the cress
polarisation performance of the hologram is improvedabyput 10 dB[52],
without taking into account the crepslarisation in the illuminating field. If the
feed system provides sidiently low crosspolarisation level, the cross
polarisation in the QZ can be reduced by using a modified illumination from a
feed system.

5) The quietzone size is in practice determined by iliedB beam width of the
hologram illumination[13], [44]. The QZ diameter is approximately cos(33°)
times theil dB beam width in the horizontal diremti because of the offset
angle By designing a feeglystemwith wider beam width it is possible to increase
the QZ to hologram size ratio.

Amplitude and phase ripples in the illumination increase directly the overall ripples in the
quietzone field. QZ fidd ripples are a combinatioof ripples in the illumination and
ripples caused by the hologram. The ripples in the illuminating field should be as small a:
possible.

Two dual reflector feed systems have been made; one at 3101G}{14] and ore at

650 GHz[1€], [17]. The numerical synthesis method that is used to design feed systems
for hologrambased CATRs is presented in detail in Chaptéefhe designed DRFSs are
presented in Chapt&:. The same synthesis method is used for a feed system based or
shaped lenses in Chapie
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3 Calculation of field radiated by an antenna

Cal cul ation of field radiated by an ani
equationg54):

D3E=-jwml - Jn (3.1)
P3H=jwe&E+J, (3.2)

where E is the electric field,H is the magnetic field) and Jm are theelectric and
magnetic currendensities ¥ is the angular frequencyg is permeability, andUis

permittivity. Time dependence aé' is assumedSometimeshe currentdensities are
known with good accuracy. For example for a diptile current is known and the
radi ated field can be calculated with M.

Often the antenna structuis too complex to directly determine the current densities. The
antenna structure can be replaced with equivalent current sources without changing tf
radiated field. When the equivalent current sources are determined the radiated field ce
be calculatd wi t h  Ma x we Theré are rmagyunaethods that can be used to
determine these equivalentirrent sources.Calculation of equivalent current sources
from a known aperture fieldand calculation ofradiated field from these currents
explained inSection3.1

If a field illuminating a known metal obje¢antenna)s known the surface currents can
be calculated using physical optics (PO). PO is described in S&HRoRhysical optics
does not take into account diffraction from eslgéthe antenna structure. Physical theory
of diffraction (PTD) can be used to inclutiee diffracted fields to PO, as explained in
Section3.3 PO (with PTD) is ommonly used to analyse electrically large reflector
antenna. In this thesis, PO and PTD arsed to simulate the radiated field of a dual
reflector feed systems (DRFS), as explained in Seétibi

Geometri cal optics (GO) is a high frequ
GO is commonly used to analyse lens and reflector antennas. The basic equations
geometrical optics are introduced in Sectioh The numerical synthesis method used to
design feed systems for hologrdrased compact ranges a GO-based rajracing
synthesis method'he numerical synthesisathod is explained in detail @hapters. In

this thesis, ield radiated by a shaped lens antenna is analysed by calculating the apertur
field with raytracing and the radiated fields calculatedfrom the equivalent current
sources. This rayracing method is explained 8ection5.4.2

The antenna radiation analysis methods used in degitre feed systems are described
in Sections3.1i 3.4.

3.1 Radiation of an aperture

Radiation of anapertureantenna can be calculated withu y g epringigle [54].
Examples of aperture antennas are epetied waveguide, horn antenna, and reflector or
lens antennasiccording toH u y g e@nneaipfe sources inside a closed surf&ean be
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replaced with surface sourcels and Jms on the surfaceThese are called equivalent
sources (orH u y g esousc@s [19]. The equivalentsurface currents depend on the
electric and magnetic fields on the surfacqd %4, [55]

Js=n3H (3.3)
jms:'ﬁ3 E , (34)

where n isthe surface normal pointing out of the surface. The original antenna problem
can be replaced with these surface currents and air inside the closed Suffaee the

field radiated by the antenna can be calculatedt h  Ma )xquatohsl| witls these
surface currents as sources.

The problem can be simplified if the volume inslis filled with eitherperfectelectric
(PEC) or perfectmagnetic(PMC) conductor[54]. If the volume is filled withmagnetic

conductor, withs , =2 (nm=a), Jms can be eliminatecand if the volume is filled with

electric comluctor, withs =a (e=1), Js can be eliminated. Thereforieis necessary
to evaluate only eithemagneticor electric fieldon the surfaces and the sourcesre
calculated usingither(3.3) or (3.4).

It is often convenient to define the surfé&&® be the aperture plane of the antenee
aperture plane divides the antenna problem into twodpai€es, one with the antenna
structure and sources and one sodree half-space where the field is calculatédthe
aperture plane is infinite it & closed surface adlu y g @rinapée applies.

For simplicity from now on we assume that the electric field on the apeﬁurds
known, and the antenna problewm replaced with perfecelectric conductor and
equivalent magnetic suida currentsas shown irFigure3.1.

Js=0
Ea /\ 3ms:'2r_]3 Ea
_______ N PEC
e N s =o ER
PR _—> (e:D)

LLLLS S

Q \ Aperture

Figure 3.1: The original antenna problem is replaced with perfect condu
andequivalent magnetic surface currents.

The method of images givéise equivalent surface currents on the surface
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Js=0 (3.5)
jms=‘2r13 Ea. (36)

The electric field outside the aperture surface, caused by the surface clrrentan be
expressed with t heG(rsrC)aslarEintegr&E[M}aenﬁs funct

Ef)=-folr- v 3ndrks, @37

whereG(r-r')isthes al ar Greends function:

Glr- )=

- jk(r-r

afr v (39)

and r = Xux + yuy + zU, is a point where the field is calculateds= X'ux + y'Uuy + Z'U; is
a point on the aperture, akd= 14/ e 1is the wave number.

Lets examine in detail a situation where the aperture plane isythane andts unit

surface normaln=u., and aperture electric field expressed as a combination linear
polarisations.

For a linearly polarsed aperture fieIoE_a(F') = Ea(F')Gy:

Jk‘r r‘ 7]

f)- rfaw_r‘u ( 20,2 £, )os

T Lo A @9

WhereR:‘F- F" = J(x- X2 +(y- y) +(z- ).

Similary it is possible to derive equations for the radiated electric fild: Eaﬁx. It is
easy to see that fdE. = E,u, weget E(r)= 0.

The magnetic field outside the aperture surface caused by the surface chwents
[54]:

Alr)=- jwaielr - 1)@ n()ds, (3.10

WhereE(F-F')is the Greends dyad:
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alr - F-):%l; + =0 els(r- 1) (311)

Alternatlvely, if the volume insides is filled with magnetlc conductothe surface
currents Js are calculated by the method of images ahet =0. The electric and
magnetic fields caused by the surface currélrgtare.[54]

Elr)=- jW/ij(F- r)a.()ds (3.12)

)=l 7 3fles @19

In far-field H > ﬂ and the distance from field point to integration pcﬁn{ F" can be
approximated(with first two terms of Tayloserie$

\F- F'\O r-u @ (3.14)

Thefarf i el d approxi mation[54f the Greenodos f

e—jkr .
Go ——el?, (319
4x
andtheappr oxi mati on of[54t he Greendbs dyad is
= [ _ _ e-Jkr
Geo° (I - urur) , (3.16)
4yx

where r =ru;, r is the distance from the antenrend u: is the direction from the
antenna to the field poinThe farfield is calculated fron§3.7), (3.10), (3.12), or (3.13),
usingthe farfield approximat i on of t he BGIkrenBGrse ([@BHOT t d ¥
In far-field the relation of electric and magnetic fields is:

=hH3u, (3.17)

mi

T
= —
H S E. (3.18)

3.2 Physical optics

Field reflected by a reflector can be calculated using physical optics (PO). Physical optic:
is an approximation of surface currents. The physical optics approximation is aalid f
scatterersnade of perfect electric conductbiat are large in terms of waveleng[b§].

In PO, the surface currenten a reflector surfacare calculated from the incidenglf.
Reflected fields are calculated from these surface curfgsisgH u y g e@nnapie, as
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explained in Sectio.1, the antenna structure can be replaced pétect electric or
magnetic conductor and equivalent surface currents.

The surface is assumed locally flat and infinfBeirface currentensities on a perfect
electric conductor arb4], [56]

Js=2n3 H; (319
Jms =0, (3.20

where n is the surface normgbointing out of the surfacand Hi is the incident
magnetic field. In the shadow region, i.e., surface area that is not directly illuminated by
the incidentfield, the surface currents are assumed to be Zdre.reflected fields are
calculated with(3.12) and(3.13).

The surface currents are calculated in discrete points on the antenna [&ififfaethese
points the surface is approximated with the tangential plane and surface scareent
calculated from(3.19). In order to get sufficient accuracy with this approximation the
dimensions and radius of curvature have to be at least a few wavelengths. The number
current elements has to be large enough for thedP@ve accurate prediction of the
reflected field. The required number of ttwrrentelements depends on the size and the
shape of the object compared to the wavelength and the desired field accuracy.

3.3 Physical theory of diffraction

Physical theory of diraction (PTD) can be used to include edge diffractions td %8P
In PTD edge currents are calculated from the shape of the edge and the incident fiel
The field @lculated from edge current is added to PO fields

E:EPO +EPTD. (3-21)

In the edge current calculations the edge is approximated locally to be a perfectly
conducting half planeThe radius of curvature of the edge and the number of current
elements has to be sufficiently large for this approximation to be Vdiel PTDfield is
calculated by integratingver the illuminated part of the edge from PTD equivalent edge
currents Thes currents are calculated from fringgave currents along incremental steps
on the edg¢56]. A closed form expressions for PTD equivalent edge currents are derived
for truncated incremental wedge strip$5)].

3.4 Geometrical optics

Geometrical or ray optics is widely used in design of electrically large lens and reflector
antennas. The theory is explaineddetail for example in[58], [55 (in English) or in
[54] (in Finnish).

Geometrical optic§GO) is a high frequency approximation of the Maxwell equations.
The high frequency approximation is accurate if all distances, radii of curvature, etc. are
large compared to the wavelengiihe electric and magnetifields can be expanded as
power series of inverse powers of the angular frequer{&p|
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Elwr)=e*lz (322

Awr)=e ko) "E ﬂa (3.23)

where L(F) is the so called eikonal function atg = w,/me, . At high frequencies the
0™ order dominates. Th&" order equations describe the geometrical optics field:

Eo3bL=-Y"H, (3.24)
Ko
Ho3 DL = KE.Eo (3.25
Ko
Eo®L=0 (3.26)
Ho®L =0. (3.27)

The geometrical optics field vectoBo(r), Holr) and k{r)=kBL(r) are perpendicular
to each other. The surface where the phase is constant is given by the surfi@e whe

Re{L} is corstant. When L is real power propagates in the direction lof i.e.,

perpendicular to the constant phase front. The eikonal function determines the ra
directionsand the wave frontd he eikonal function is determined from thetke called
eikonalequation:

oL ) oL(r)=m()e (r)=n(r), (3.29)
where n(F):w/m‘F le.(r) is the index of refraction of the medium.

The ray equation represents the direction of propagation. For gspyhe ray equation
derived from the eikonal equation[B4]:

ds?

t G'D(n{): diszgn(F)dF g:Dn(F), (329

wheret is the tangential unit vector of the ray asig the distance along the ray. The ray
equation is a second order nlomear differential equation. It can be solved analytically
for some cases, but usually it is solved numerically.

Field amplitude is caldated from the transport equatifsv]:
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dEo _ 1E(Dn)c'Eo-2ﬂDc% 6o (3.30)
¢

== n
ds n n m=x

The transport equation is a differential equation for an unknown véntorf Eo is
known at some point it can be solved at all points along the ray. It can be proved fron

— 2
(3.30) that ‘Eo‘ integrated over therosssectionof a ray tube is constant. Power

propagates inside the ray tube and the power density dependsaodbsectioral area
of theray tube. Also polasationand phasalong the ray can be calculated fr¢aB0).

In geometrical optics the concept of rays is useful in understanding and ilhggtitaei
propagation of geometrical optics fields. A ray is a line in space that represents the
direction of propagationThe ay path and field along the ray can be calculatédu:
volume between rays is called ayrtube. Ray tubes are useful in understanand
calculating propagation of power. In general, rays and ray tubes are used as conceptt
aid in deriving equations or functions that describe analytical solution to the given
problem.In generain geometrical opticghe properties of single raysre not calculated.

In ray-tracing fields are calculated by determining the path of a finite number of rays.
First rays are calculated from a known field and then these rays are traced one by or
(their path is calculated) through material, reflectionfactions, etc., and finally the
desired field is calculated from the resulting ray distributioag)engths, etc. Complex
systems can be anagd as it is not necessary to derive an analytical solution.
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