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A designing method for feed systems for hologram-based compact antenna test ranges 

(CATR) is developed. A hologram-based CATR can be used to test large antennas at 

millimetre and submillimetre wavelengths. Feed systems are used to provide a modified 

illumination for the hologram. Using the modified illumination from a feed system, 

narrow slots can be avoided in the hologram pattern. Narrow slots are difficult to 

manufacture accurately and limit the polarisation properties of the hologram. 

 

Feed systems use two shaped reflector or lens surfaces to shape the radiation pattern of a 

feed horn. The shaped surfaces are calculated with a ray-tracing based synthesis method 

and iteratively optimised based on simulation results. This synthesis method was 

previously used to design a 310 GHz dual reflector feed system (DRFS). In this work a 

650 GHz DRFS is designed as part of large antenna measurement campaign in which a 

large antenna was tested in a hologram-based compact antenna test range. The DRFS is 

measured by near-field scanning with a planar scanner at 650 GHz. The measured 

amplitude ripple is about 0.8 dB peak-to-peak and the phase ripple is about 15° peak-to-

peak. These measurements prove that no significant design or manufacturing errors were 

made. 

 

The feed system design and synthesis method has been extended also for feed systems 

based on shaped dielectric lenses. A dual lens feed system design example is designed, 

with same design goals as those with the 650 GHz DRFS. The design example proves 

that the synthesis method can be used also for feed systems based on shaped lenses. 

 

In this thesis, the designing method for feed systems based on either shaped reflector or 

lenses is presented. A 650 GHz DRFS is designed, tested, and used in a hologram-based 

CATR. 

 

Keywords: feed system, geometrical optics (GO), ray tracing, shaped lens antenna, 

shaped reflector antenna, sub-millimetre wavelengths, synthesis 
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Tässä työssä kehitetään syöttöjärjestelmien suunnittelumenetelmä hologrammiin 

perustuviin kompakteihin antennimittauspaikkoihin. Hologrammiin perustuvaa 

antennimittauspaikkaa voidaan käyttää suurten antennien testaamiseen millimetri- ja 

alimillimetriaaltoalueella. Syöttöjärjestelmiä käytetään muotoillun valaisun aikaan 

saamiseksi hologrammille. Kun käytetään muotoiltua valaisua voidaan välttää kapeat 

raot hologrammissa. Kapeat raot ovat vaikeita valmistaa tarkasti ja rajoittavat 

hologrammin polarisaatio-ominaisuuksia. 

 

Syöttöjärjestelmässä käytetään kahta muotoiltua heijastin- tai linssipintaa syöttötorven 

säteilykuvion muokkaamiseen. Muotollut pinnat lasketaan säteenseurantaan perustuvalla 

synteesimenetelmällä ja optimoidaan iteratiivisesti simulaatiotulosten perusteella. Tätä 

synteesimenetelmää on aiemmin käytetty kaksiheijastimisen syöttöjärjestelmän suun-

nitteluun 310 GHz:lle. Tässä työssä kaksiheijastiminen syöttöjärjestelmä suunnitellaan 

650 GHz:lle osana isoa antennimittaus kampanjaa, jossa mitataan suurikokoinen antenni 

hologrammiin perustuvassa anitennimittauspaikassa. Suunniteltu syöttöjärjestelmä 

mitataan planaarisella lähikenttämittauksella 650 GHz:n taajuudella. Mitattu amplitudi-

vaihtelu on 0,8 dB huipusta huippuun ja vaihevaihtelu on noin 15° huipusta huippuun. 

Mittaukset osoittavat, että merkittäviä suunnittelu- tai valmistusvirheitä ei ole tehty. 

 

Syöttöjärjestelmäsuunnittelu ja synteesimenetelmä yleistetään myös dielektrisiin 

linsseihin perustuville syöttöjärjestelmille. Kaksilinssinen syöttöjärjestelmä 

suunnitellaan samoilla suunnittelutavoitteilla kuin 650 GHz:n kaksiheijastiminen 

syöttöjärjestelmä. Tämä suunnitelu esimerkki todistaa, että kyseistä suunnittelu- 

menetelmää voi käyttää myös linsseihin perustuvien syöttöjärjestelmien suunnitteluun. 

 

Tässä työssä esitetään suunnittelumenetelmä muotoiltuihin linsseihin tai heijastimiin 

perustuville syöttöjärjestelmille. Kaksiheijastiminen syöttöjärjestelmä suunnitellaan, 

testataan ja sitä käytetään antennimittauksissa hologrammiin perustuvassa antenni-

mittauspaikassa. 

 

Avainsanat: alimillimetriaallot, geometrinen optiikka (GO), muotoiltu heijastinantenni, 

muotoiltu linssiantenni, synteesi, syöttöjärjestelmä, säteenseuranta 
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1 Introduction  

Large millimetre and submillimetre wave antennas are used to study the earth and the 

universe at millimetre and submillimeter wavelengths. Several ongoing space research 

projects will study the universe at submillimetre wavelengths, e.g., Herschel (ESA) [1], 

[2], Planck (ESA) [1], [2], SPIRIT (NASA) [3], and SPECS (NASA) [3]. Examples of 

missions to study the atmosphere at submillimetre wavelengths are EOS MLS (NASA) 

[4], and SMILES (NICT, JAXA) [5], [6]. Electrically large reflector antennas are needed 

for high angular resolution. Accurate manufacturing of the reflector is very difficult and 

therefore the operation of the antenna should be verified with measurements prior to the 

launch. 

A compact antenna test range (CATR) is best suited for testing large antennas at high 

frequencies. In a CATR, the far-field conditions, i.e., a quiet zone (QZ), needed for 

testing the antenna under test (AUT), are created with a collimating element. 

Conventionally, the collimating element in a CATR is a reflector or a set of reflectors. 

The highest usable frequency of a reflector-based CATR is typically limited by the 

surface accuracy of the reflectors. 

MilliLab at TKK Helsinki University of Technology has developed a hologram-based 

CATR since the 1990ôs [7], [8]. A hologram-based CATR can be used to test large 

antennas at millimetre [9], [10] and submillimetre wavelengths [11], [12]. The hologram 

is a light weight planar structure and therefore much easier and cheaper to manufacture 

than the large reflectors in the conventional CATRs. 

Traditionally a corrugated feed horn has been used to illuminate the hologram. Because 

of the high edge illumination, narrow slots have been needed at the edges of the 

hologram. These narrow slots are difficult to manufacture accurately and limit the use of 

the hologram to a polarisation parallel to the slots, i.e., the vertical polarisation. The 

narrow slots can be avoided by using shaped illumination of the hologram. The shaped 

illumination can be realised by designing a feed system that modifies both amplitude and 

phase pattern of the primary feed, i.e., a corrugated feed horn. 

A dual reflector feed system (DRFS) can be used as a feed system for a hologram-based 

CATR [13], [12]. Previously, a 310 GHz DRFS for hologram-based CATR has been 

demonstrated at 310 GHz [14]. A numerical ray-tracing based synthesis method [15], 

[13] was developed specifically for this purpose. Later, a 650 GHz DRFS [16], [17] was 

designed as part of a large antenna measurement project [12]. Same ray-tracing principles 

can be used to design a feed system based on shaped lenses. 

In this thesis, the design principle of the feed systems for hologram-based compact ranges 

is presented. The synthesis method and design procedure, used to design the dual 

reflector feed systems, is generalised also for shaped lens feed systems. The 650 GHz 

DRFS and a design example of a shaped lens feed system are presented in detail. 



 12 

2 Antenna measurement techniques 

Antenna measurement techniques can be divided into three basic types: far-field 

measurements, near-field scanning techniques and compact antenna test ranges (CATR). 

In general, antenna measurement aims at determining the antenna radiation pattern. Also, 

for example, antenna impedance, radiation efficiency, etc. can be measured. 

Antenna pattern includes relative amplitude, relative phase, polarisation, and the power 

gain [18]. Often antenna pattern is expressed as amplitude and phase patterns for main 

and cross-polarisations. 

Far-field and near-field measurements are briefly explained in Sections 2.1 and 2.2, 

respectively. In Section 2.3 compact antenna test ranges are explained. 

Antenna measurement results of this thesis are in Chapter 8. Many different antenna 

measurement techniques are used. In Section 8.1, the 650 GHz feed horns are measured 

in the far-field of the AUT. In Section 8.2, the 650 GHz DRFS is measured by near-field 

scanning. In Section 8.3, the 650 GHz DRFS is used in a compact antenna test range and 

the quiet-zone quality is tested with near-field scanning. 

2.1 Far-field measurement 

Far-field measurement setup is illustrated in Figure 2.1. The antenna under test is placed 

in the far-field of the range feed. The field illuminating the AUT is (nearly) a plane wave, 

i.e., planar wave front and constant amplitude in the whole volume where the AUT is 

placed. The radiation pattern of the AUT is recorded as function of the rotation angle ɗ. 

 

 

In far-field region the radiation pattern is a function of angle and does not depend on the 

distance from a specified point in the antenna region [19]. Field depends on the distance r 

as 

 () rerE jkr /~ -

, (2.1) 

where lp/2=k  is the wave number. Field amplitude decreases as r/1 . The phase 

changes in direction of propagation in same way as a plane-wave field. In far-field the 

Range 

feed AUT 

Spherical 

wave 

Plane 

wave 

ɗ 

Figure 2.1: Far-field measurement. 
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ratio of electric and magnetic field is a constant called a wave impedance ɖ. In vacuum 

(and in air) ɖ0 å 377 W. The electric and magnetic fields are orthogonal to each other and 

to the direction of propagation. 

Typically far-field criterion is defined as: 

 
l

22D
r ²

, 
(2.2) 

where D is the diameter of the antenna and l is the wavelength. The far-field criterion is 

defined as the distance from the antenna where the distance to the edge of the antenna is 

l/16 longer than the distance to the centre of the antenna, i.e., phase deviation from a 

plane wave is 22.5̄. For example, if the first side lobe is at ï40 dB then side lobe level 

measurement error is 1 dB at a distance of l/6 2D  [20]. 

At sub-millimetre wavelengths for a large antenna the far-field criterion can be tens of 

kilometres and atmospheric attenuation is very high; therefore far-field measurements can 

be impossible. For example, the far-field criterion (2.2) gives about 10 km for a 1.5 m 

diameter antenna at 650 GHz. Far-field measurements are possible for small antennas, as 

for example the far-field criterion is only about 4 cm for a 3 mm diameter antenna at 650 

GHz. 

The 650 GHz feed horns, in Section 8.1, are measured in the far-field of the AUT. Instead 

of rotating the AUT, the radiation pattern is measured with a planar scanner. The 

measurement distance of about 1 m is clearly in the far-field region. A so-called three 

antenna method is used to measure the beam widths of the three feed horns. 

2.2 Near-field measurement 

In near-field antenna measurements the antenna radiation is measured in the near field 

and the far-field radiation is calculated from the near-field data for example using the 

Fourier-transform. The near field is sampled with a probe antenna on a surface in the 

radiating near-field of the AUT. The sampling surface can be planar, spherical or 

cylindrical. 

The sampling interval has to be smaller than l/2 for the full angular coverage [21] and 

position accuracy better than l/100. The measurements of large high frequency antennas 

are very challenging because of the required high dynamic range, probe position accuracy 

and very high number of sampling points. 

Example of near-field measurements at frequencies up to 650 GHz is in [22]. A very high 

precision granite scanner mechanism was used to achieve the required planar accuracy. 

Error sources in near-field measurement are analysed for example in [23], [24]. Error 

analysis of a near-field measurement system is in general a combination of closed-form 

equations, simulations, and measurement tests. 

In planar near-field measurements the planarity error of the scanner can be very 

significant error source. Planarity errors can affect the measured phase significantly at 

high frequencies as the planarity affects directly the measurement distance, i.e., the 
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electrical path length. The phase error ( )yx,DY  caused by planarity error ( )yxz ,  can be 

expressed simply as: 

 ( )
( )

¯Ö-=DY 360
,

,
l

yxz
yx . (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 corrected from the measurement results if the planarity of the 

scanner is known. 

The 650 GHz DRFS is measured by near-field scanning in Section 8.2. The far-field 

pattern was not calculated as the DRFS is used in the near-field region (far-field criterion 

gives a few hundred meters and the distance to the hologram is 12.72 m). Averaging of 

measurements, drift compensation with tie-scans, probe correction, and a planarity error 

correction techniques 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 creates 

the needed far-field conditions for the antenna measurement. The area where the far-field 

conditions are created is called the quiet zone (QZ). The antenna under test (AUT) is 

rotated as in the far-field measurements and the radiation pattern is recorded. The 

collimating element can be a reflector, a set of reflectors, a lens, or a hologram. Compact 

ranges can also be used in radar cross-section (RCS) measurements. 

The development of CATRs started in 1950ôs with lenses [25], [26]. The reflector based 

CATRs have been developed since the 1960ôs [27], [26]. A hologram-based CATR was 

first proposed in 1992 [7]. 

Main advantage of a CATR is that the measurements can be done inside in controlled 

environment in relatively small space. Also, there is no need to calculate near to far-field 

transformation as in the near-field measurements. Usually ripple of 1 dB peak-to-peak 

and 10° peak-to-peak is allowed at maximum in the quiet-zone field amplitude and phase, 

respectively. 

2.3.1 Reflector-based compact antenna test range 

The most common CATR is based on a reflector or a set of reflectors. Reflector based 

compact antenna test ranges are commonly used at frequencies up to 200 GHz [28], [29]. 

A reflector-based CATR has been used in antenna test up to 500 GHz [30]. The highest 

usable frequency of a reflector-based CATR is typically limited by the surface accuracy 

of the reflectors. The surface accuracy requirement is approximately ɚ/100 [18]. The 

lowest usable frequency is limited by the diffracted fields from the edges of the reflectors 

as the diffracted fields are strongest at low frequencies [26]. 

The main reflector has to be larger than the quiet-zone. The quiet-zone diameter is 

typically about 1/3 of the main reflector diameter for a single reflector CATR and 2/3 for 

dual reflector CATR. Reflector geometries used are: a single offset reflector [27], a dual 
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cylindrical reflector [32], a dual offset reflector [29], [33], [34] and a triple offset 

reflector [35], [36]. Examples of CATR geometries are illustrated in Figure 2.2. 

 

 

 

Offset paraboloidal reflectors produce typically about ï30 dB cross-polarisation level to 

the QZ [26]. The cross-polarisation performance can be improved by using two reflectors 

and by choosing the parameters of the CATR so that the cross-polarisation is minimised 

[37], [38]. Examples of cross-polarisation compensated CATRs are in [29], [33]. 

Diffraction from the reflector edges causes ripples to the QZ. The edge diffraction can be 

reduced with reflector edge treatment, e.g. serrations [39], rolled edge [39], or by 

reducing the edge illumination by shaping the reflectors [34], [35]. 

2.3.2 Lens-based compact antenna test range 

A lens can be used as a collimating element in a CATR. Geometry of a classical lens-

based CATR is presented in Figure 2.3 [40]. The lens is designed to correct the phase 

pattern of the range feed to a plane wave. In [41], plastic foam lens is used with added 

loss into the lens so that also the amplitude is nearly uniform behind the lens. 

Advantages of the lens-based CATR are [26]: high utilisation factor (ratio of diameter of 

the collimating element to the diameter of the QZ), low cross-polarisation level, and that 

there is no direct radiation from the feed to the QZ. Disadvantages are [26]: amplitude 

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. 

Feed horn 

Paraboloid 

Feed horn 

Subreflectors 

Spherical main reflector 

Figure 2.2: Examples of a single offset reflector and a trireflector CATR. 
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Figure 2.3: Geometry of a classical lens-based CATR designed for radar cross-section 

(RCS) measurements [40] . 

Lens-type compact antenna test range at mm-waves is studied in [42], in which the lens 

shape is calculated with a ray-tracing method presented in [43]. 

Compact antenna range based on a lens is mainly potential at very high frequencies as the 

surface accuracy requirement for a reflector becomes too stringent. Because a lens is a 

transmission-type element and because the wave length is shorter inside the lens, the 

surface accuracy requirement is weighted by ( ) 21-re  compared to a reflector [42]. 

re is the relative permittivity of the lens material. The difference of the effect of a surface 

error is illustrated in Figure 2.4. 

 

Figure 2.4: The effect of a surface error in case of a reflector and in case of a lens [42] . 
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2.3.3 Hologram-based compact antenna test range 

A computer-generated radio-wave hologram can be used as a collimating element in a 

compact antenna test range [8]. The hologram is an interference pattern of the wave-front 

illuminating the hologram and the desired goal field [44]. In a CATR, the goal field is a 

plane wave in the quiet zone. 

Antenna tests that have been done in hologram-based CATRs are listed in Section 

2.3.3.1. All holograms used in antenna tests have been transmission-type amplitude 

holograms. Also, phase holograms [45], [46], and reflection-type holograms [47] have 

been studied. 

A schematic layout of a hologram-based CATR using a transmission-type amplitude 

hologram is shown in Figure 2.5. Typically, an offset angle of 33° is used to avoid direct 

radiation through the hologram from affecting the QZ. The hologram pattern is etched on 

a metal layer on a thin Mylar film. The pattern consists of vertical, slightly curved slots in 

the copper-laminate. Because of the planar structure and because the hologram is a 

transmission type element, the manufacturing accuracy requirement is not as high as for 

reflectors. The accuracy requirement is only 1/10 of that required for a reflector. A 

hologram is light weight and inexpensive device compared to other types of collimating 

elements in CATRs. 

 

The hologram is designed with electromagnetic simulations [44]. An example of a 

hologram pattern is presented in Figure 2.6. The structure of the hologram is analysed 

with finite-difference time-domain method (FDTD) and the quiet-zone field is calculated 

with physical optics (PO) from the aperture field. Because the whole hologram is too 

large to simulate in one simulation, only one cut of the nonuniform metal grating is 

analysed [44]. The cross-polarisation is not analysed in these two-dimensional 

simulations, therefore cross-polarisation is calculated with a method presented in [48]. 

Absorbers 

Feed 

Quiet-zone 

Hologram 

33º 

Figure 2.5: Schematic layout of a hologram-based CATR. 
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Figure 2.6: Example of a transmission-type amplitude hologram pattern. Metal is in 

black and slots in white. 

A transmission-type hologram can be an amplitude hologram or a phase hologram. In an 

amplitude-type hologram the radiation is partially blocked by metal strips and partially 

transmitted through slots between the metal strips. A phase hologram is based on locally 

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 substrate 

[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 hologram-based compact radar cross section (RCS) 

range for scale model measurements at 310 GHz [45]. The layout of the RCS range is 

similar to the layout in Figure 2.5. The scale model is placed in the QZ and the 

transmitter and receiver are separated with a dielectric slab working as a directional 

coupler. 

A reflection-type phase hologram CATR has also been designed [47]. In a reflection-type 

phase hologram grooves are milled into a metal slab. The main advantages compared to 

transmission-type holograms are lower losses and that the harmful reflections inside the 

hologram are avoided. 

2.3.3.1 History of antenna tests in a hologram-based CATR 

Hologram-based CATRs have been used in antenna tests at frequencies from 39 GHz up 

to 650 GHz [9]ï[12]. 

In [9], a planar antenna made of array of waveguide fed horns [49] is measured in a 

hologram CATR at 39 GHz. The QZ is measured to be 70 cm × 45 cm. The same antenna 

was measured also with near-field scanning and with conventional far-field technique and 
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the measurement results are found to agree well down to side-lobe levels 30ï35 dB below 

peak [9]. 

Measurement of the Odin telescope [50] at 119 GHz is presented in [10]. The Odin 

telescope has a 1.1 m offset reflector antenna shown in Figure 2.7. The 2.4 m × 2.0 m 

hologram produces about 1.65 m × 1.55 m QZ. The measured main lobe is symmetric 

and the beam-width is as designed [10]. 

 

Figure 2.7: The 1.1 m offset reflector antenna on the Odin satellite [10] . 

A 1.5 metre diameter antenna was measured at 322 GHz in 2003. The design and 

construction of the CATR and the QZ tests are presented in [51]. The antenna test results 

are presented in [11]. The antenna under test was ADMIRALS representative test object 

(RTO) [30]. A photograph of the RTO is in Figure 2.8. The 3-m-diameter hologram is 

soldered together from three separate pieces. The measured antenna radiation pattern 

corresponds reasonably well to the simulated pattern. The effect of the non-ideal quiet-

zone field on the measured radiation pattern was investigated by computing the radiation 

of the simulated antenna including the effect of the measured quiet-zone field in [11]. 
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Figure 2.8: ADMIRALS RTO on the antenna positioner [11] . 

In 2006, the ADMIRALS RTO was tested at 650 GHz in a hologram-based CATR [12]. 

This is the highest frequency at which a large antenna has ever been measured in any 

CATR. The hologram diameter is 3.16 m. A DRFS 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 hologram and the AUT is placed about 9 m 

from the hologram. Layout of the CATR is shown in Figure 2.9. 

 

Figure 2.9: Layout of the CATR [12] . 
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2.3.3.2 Feed system for a hologram-based CATR 

Traditionally a corrugated feed horn has been used to illuminate the hologram [9], [10], 

[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 edge 

diffractions. 

Traditionally the holograms have been limited to be used only at the linear vertical 

polarisation. That is because transmission of a horizontal polarisation through the vertical 

slots is nearly independent of the slot width [52]; and therefore edge diffraction at the 

horizontal polarisation is not avoided with the narrowing of the slots. 

The narrow slots are also difficult to manufacture accurately. It may happen that the 

narrow slots are not completely etched and that reduces the hologram size and increase 

edge diffraction [44]. 

The narrow slots can be avoided if the hologram is illuminated with a modified 

illumination. For example, a dual reflector feed system (DRFS) can be used to modify the 

hologram illumination [14], [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 need to change 

the amplitude distribution and therefore the narrow slots can be avoided. The hologram is 

only used to transform the spherical phase front to a planar one [44]. Avoiding the narrow 

slots has several advantages. 

An example of slot widths of holograms designed for a modified illumination and for the 

traditional Gaussian illumination is shown in Figure 2.10. 

 

Figure 2.10: Example of slot widths of a 310 GHz holograms along 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 and the slot widths can be almost 

uniform which simplifies the manufacturing of the hologram. 

2) The hologram can be optimised for both vertical and horizontal polarisations [53]. 
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3) The hologram can be designed to operate almost identically at both linear 

polarisations [52]. Hologram that operates identically at both linear polarisations 

could be used to test antennas at circular polarisation. 

4) Cross-polarization in the QZ with a hologram designed for a corrugated feed horn 

is from ï15 dB to ï20 dB [44], [48]. By using the modified illumination the cross-

polarisation performance of the hologram is improved by about 10 dB [52], 

without taking into account the cross-polarisation in the illuminating field. If the 

feed system provides sufficiently low cross-polarisation level, the cross-

polarisation in the QZ can be reduced by using a modified illumination from a 

feed system. 

5) The quiet-zone size is in practice determined by the ï1 dB beam width of the 

hologram illumination [13], [44]. The QZ diameter is approximately cos(33°) 

times the ï1 dB beam width in the horizontal direction because of the offset 

angle. By designing a feed system with 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 

quiet-zone field. QZ field ripples are a combination of ripples in the illumination and 

ripples caused by the hologram. The ripples in the illuminating field should be as small as 

possible. 

Two dual reflector feed systems have been made; one at 310 GHz [13], [14] and one at 

650 GHz [16], [17]. The numerical synthesis method that is used to design feed systems 

for hologram-based CATRs is presented in detail in Chapter 5. The designed DRFSs are 

presented in Chapter 6. The same synthesis method is used for a feed system based on 

shaped lenses in Chapter 7. 
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3 Calculation of field radiated by an antenna 

Calculation of field radiated by an antenna is always based on solving the Maxwellôs 

equations [54]: 

 mJHjE --=³Ð wm  (3.1) 

 JEjH +=³Ð we , (3.2) 

where E  is the electric field, H  is the magnetic field, J  and mJ  are the electric and 

magnetic current densities, ɤ is the angular frequency, ɛ is permeability, and Ů is 

permittivity. Time dependence of tje w  is assumed. Sometimes the current densities are 

known with good accuracy. For example for a dipole the current is known and the 

radiated field can be calculated with Maxwellôs equations. 

Often the antenna structure is too complex to directly determine the current densities. The 

antenna structure can be replaced with equivalent current sources without changing the 

radiated field. When the equivalent current sources are determined the radiated field can 

be calculated with Maxwellôs equations. There are many methods that can be used to 

determine these equivalent current sources. Calculation of equivalent current sources 

from a known aperture field, and calculation of radiated field from these currents, is 

explained in Section 3.1. 

If a field illuminating a known metal object (antenna) is known, the surface currents can 

be calculated using physical optics (PO). PO is described in Section 3.2. Physical optics 

does not take into account diffraction from edges of the antenna structure. Physical theory 

of diffraction (PTD) can be used to include the diffracted fields to PO, as explained in 

Section 3.3. PO (with PTD) is commonly used to analyse electrically large reflector 

antennas. In this thesis, PO and PTD are used to simulate the radiated field of a dual 

reflector feed systems (DRFS), as explained in Section 5.4.1. 

Geometrical optics (GO) is a high frequency approximation of the Maxwellôs equations. 

GO is commonly used to analyse lens and reflector antennas. The basic equations of 

geometrical optics are introduced in Section 3.4. The numerical synthesis method used to 

design feed systems for hologram-based compact ranges is a GO-based ray-tracing 

synthesis method. The numerical synthesis method is explained in detail in Chapter 5. In 

this thesis, field radiated by a shaped lens antenna is analysed by calculating the aperture 

field with ray-tracing and the radiated field is calculated from the equivalent current 

sources. This ray-tracing method is explained in Section 5.4.2. 

The antenna radiation analysis methods used in designing the feed systems are described 

in Sections 3.1ï3.4. 

3.1 Radiation of an aperture 

Radiation of an aperture antenna can be calculated with Huygensô principle [54]. 

Examples of aperture antennas are open-ended waveguide, horn antenna, and reflector or 

lens antennas. According to Huygensô principle sources inside a closed surface S can be 
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replaced with surface sources sJ  and msJ  on the surface. These are called equivalent 

sources (or Huygensô sources) [19]. The equivalent surface currents depend on the 

electric and magnetic fields on the surface as: [54], [55] 

 HnJ s ³=  (3.3) 

 EnJ ms ³-= , (3.4) 

where n  is the surface normal pointing out of the surface. The original antenna problem 

can be replaced with these surface currents and air inside the closed surface S. Then the 

field radiated by the antenna can be calculated with Maxwellôs equations with these 

surface currents as sources. 

The problem can be simplified if the volume inside S is filled with either perfect electric 

(PEC) or perfect magnetic (PMC) conductor [54]. If the volume is filled with magnetic 

conductor, with ¤=ms  ( ¤=m ), msJ  can be eliminated, and if the volume is filled with 

electric conductor, with ¤=s  ( ¤=e ), sJ  can be eliminated. Therefore, it is necessary 

to evaluate only either magnetic or electric field on the surface S and the sources are 

calculated using either (3.3) or (3.4). 

It is often convenient to define the surface S to be the aperture plane of the antenna. The 

aperture plane divides the antenna problem into two half-spaces, one with the antenna 

structure and sources and one source-free half-space where the field is calculated. If the 

aperture plane is infinite it is a closed surface and Huygensô principle applies. 

For simplicity from now on we assume that the electric field on the aperture aE  is 

known, and the antenna problem is replaced with perfect electric conductor and 

equivalent magnetic surface currents, as shown in Figure 3.1. 

 

 

 

The method of images gives the equivalent surface currents on the surface S: 
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Figure 3.1: The original antenna problem is replaced with perfect conductor 

and equivalent magnetic surface currents. 
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 0=sJ  (3.5) 

 ams EnJ ³-= 2 . (3.6) 

The electric field outside the aperture surface, caused by the surface currents msJ , can be 

expressed with the scalar Greenôs function ( )'rrG -  as an integral [54]: 

 () ( )[ ] ()ñ ³-Ð-=
S

ms dSrJrrGrE ''' , (3.7) 

where ( )'rrG -  is the scalar Greenôs function: 
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and zyx uzuyuxr ++=  is a point where the field is calculated, zyx uzuyuxr '''' ++=  is 

a point on the aperture, and emw=k  is the wave number. 

Lets examine in detail a situation where the aperture plane is the xy-plane and its unit 

surface normal zun= , and aperture electric field is expressed as a combination linear 

polarisations. 

For a linearly polarised aperture field () ()yaa urErE '' = : 
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where ( ) ( ) ( )222
'''' zzyyxxrrR -+-+-=-= . 

Similarly it is possible to derive equations for the radiated electric field xaa uEE = . It is 

easy to see that for zaa uEE =  we get () 0=rE . 

The magnetic field outside the aperture surface caused by the surface currents msJ  is 

[54]: 

 () ( ) ()ñ Ö--=
S

ms dSrJrrGjrH '''we ,  (3.10) 

where ( )'rrG -  is the Greenôs dyad: 
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Alternatively, if the volume inside S is filled with magnetic conductor the surface 

currents sJ  are calculated by the method of images and 0=msJ . The electric and 

magnetic fields caused by the surface currents sJ  are: [54] 

 () ( ) ()ñ Ö--=
S

s dSrJrrGjrE '''wm  (3.12) 

 () ( )[ ] ()ñ ³-Ð=
S

s dSrJrrGrH ''' . (3.13) 

In far-field 'rr >>  and the distance from field point to integration point 'rr-  can be 

approximated: (with first two terms of Taylor series) 

 '' rurrr r Ö-º- . (3.14) 

The far-field approximation of the Greenôs function is: [54] 
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and the approximation of the Greenôs dyad is: [54] 
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where rurr = , r is the distance from the antenna, and ru  is the direction from the 

antenna to the field point. The far-field is calculated from (3.7), (3.10), (3.12), or (3.13), 

using the far-field approximation of the Greenôs function (3.13) or Greenôs dyad (3.16). 

In far-field the relation of electric and magnetic fields is: 

 ruHE ³=h  (3.17) 

 EuH r ³=
h

1
. (3.18) 

3.2 Physical optics 

Field reflected by a reflector can be calculated using physical optics (PO). Physical optics 

is an approximation of surface currents. The physical optics approximation is valid for 

scatterers made of perfect electric conductor that are large in terms of wavelengths [56]. 

In PO, the surface currents on a reflector surface are calculated from the incident field. 

Reflected fields are calculated from these surface currents. Using Huygensô principle, as 



 27 

explained in Section 3.1, the antenna structure can be replaced with perfect electric or 

magnetic conductor and equivalent surface currents. 

The surface is assumed locally flat and infinite. Surface current densities on a perfect 

electric conductor are [54], [56] 

 is HnJ ³=2  (3.19) 

 0=msJ , (3.20) 

where n  is the surface normal pointing out of the surface and iH  is the incident 

magnetic field. In the shadow region, i.e., surface area that is not directly illuminated by 

the incident field, the surface currents are assumed to be zero. The reflected fields are 

calculated with (3.12) and (3.13). 

The surface currents are calculated in discrete points on the antenna surface [56]. At these 

points the surface is approximated with the tangential plane and surface currents are 

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 of 

current elements has to be large enough for the PO to give accurate prediction of the 

reflected field. The required number of the current elements 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 diffraction (PTD) can be used to include edge diffractions to PO [56]. 

In PTD edge currents are calculated from the shape of the edge and the incident field. 

The field calculated from edge current is added to PO fields 

 PTDPO EEE += . (3.21) 

In the edge current calculations the edge is approximated locally to be a perfectly 

conducting half plane. The radius of curvature of the edge and the number of current 

elements has to be sufficiently large for this approximation to be valid. The PTD field is 

calculated by integrating over the illuminated part of the edge from PTD equivalent edge 

currents. These currents are calculated from fringe wave currents along incremental steps 

on the edge [56]. A closed form expressions for PTD equivalent edge currents are derived 

for truncated incremental wedge strips in [57]. 

3.4 Geometrical optics 

Geometrical or ray optics is widely used in design of electrically large lens and reflector 

antennas. The theory is explained in detail for example in [58], [55] (in English) or in 

[54] (in Finnish). 

Geometrical optics (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 wavelength. The electric and magnetic fields can be expanded as 

power series of inverse powers of the angular frequency w [55] 
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where ()rL  is the so called eikonal function and 000 emw=k . At high frequencies the 

0
th
 order dominates. The 0

th
 order equations describe the geometrical optics field: 

 0

0

0 H
k

LE
wm
-=Ð³  (3.24) 

 0

0

0 E
k

LH
we
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 00 =ÐÖLE  (3.26) 

 00 =ÐÖLH . (3.27) 

The geometrical optics field vectors ()rE0 , ()rH 0  and () ()rLkrk Ð= 0
 are perpendicular 

to each other. The surface where the phase is constant is given by the surface where 

{}LRe  is constant. When L is real power propagates in the direction of k , i.e., 

perpendicular to the constant phase front. The eikonal function determines the ray 

directions and the wave fronts. The eikonal function is determined from the so the called 

eikonal equation: 

 () () ()() ()rnrrrLrL rr

2==Ð³Ð em , (3.28) 

where () ()()rrrn rr em=  is the index of refraction of the medium. 

The ray equation represents the direction of propagation. For a ray )(sr  the ray equation 

derived from the eikonal equation is [54]: 

 () () ()rn
ds

rd
rn

ds

d
tnt Ð=ö
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å
=ÐÖ , (3.29) 

where t  is the tangential unit vector of the ray and s is the distance along the ray. The ray 

equation is a second order non-linear differential equation. It can be solved analytically 

for some cases, but usually it is solved numerically. 

Field amplitude is calculated from the transport equation [54]: 
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The transport equation is a differential equation for an unknown vector 0E . If 0E  is 

known at some point it can be solved at all points along the ray. It can be proved from 

(3.30) that 
2

0E  integrated over the cross-section of a ray tube is constant. Power 

propagates inside the ray tube and the power density depends on the cross-sectional area 

of the ray tube. Also polarisation and phase along the ray can be calculated from (3.30). 

In geometrical optics the concept of rays is useful in understanding and illustrating the 

propagation of geometrical optics fields. A ray is a line in space that represents the 

direction of propagation. The ray path and field along the ray can be calculated. The 

volume between rays is called a ray tube. Ray tubes are useful in understanding and 

calculating propagation of power. In general, rays and ray tubes are used as conceptual 

aid in deriving equations or functions that describe analytical solution to the given 

problem. In general in geometrical optics, the properties of single rays are 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 one 

(their path is calculated) through material, reflections, refractions, etc., and finally the 

desired field is calculated from the resulting ray distributions, ray lengths, etc. Complex 

systems can be analysed as it is not necessary to derive an analytical solution. 
























































































































































