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Abstract

The millimetre and submillimetre wave frequency ranges have many current and potential
applications for example in satellite technology and telecommunications. Electrically large
antennas are needed in several applications, e.g., in order to achieve high antenna gain with a
narrow beam. Reflector and lens antennas, with all dimensions large compared to the
wavelength, are commonly designed using ray tracing. Ray tracing is based on a high frequency
approximation of Maxwell’s equations. The main advantage of ray tracing is the decreased
computational effort as compared to more accurate full-wave methods. In this thesis, ray
tracing is used in both synthesis and simulation of electrically large antennas.

In the first part of this thesis, a 650 GHz dual reflector feed system (DRFS) is designed,
tested, and used in a hologram-based compact antenna test range (CATR). The DRFS provides
shaped illumination that simplifies the hologram manufacturing. A ray-tracing based
numerical synthesis method is used to design the 650 GHz DRF'S. It is tested with antenna
measurements prior to the compact range measurements. The designed DRF'S is used
successfully in a full scale compact range, in which a 1.5-m antenna is tested at 650 GHz.

In the second part of this thesis, several beam-steering integrated lens antennas (ILAs) are
designed with ray-tracing simulations. Antenna prototypes are designed, fabricated, and tested
at 77 GHz with antenna measurements. Electrical beam steering is demonstrated with
integrated feed arrays and switching networks. Also, beam-steering properties of ILAs with a
wide range of different lens permittivities and feed element directivities are studied with ray-
tracing simulations. Lens shapes are developed for improvement of the beam properties at large
beam-steering angles. With a low permittivity ILA, an intermediate eccentricity, compared to
those of the conventional hemispherical and elliptical lenses, is found to have smaller scan loss
and lower side-lobes with large beam-steering angles of about 30°. Placing the feeds on a
spherical surface of an extended hemispherical ILA is found to result in a beam shape and gain
that remain nearly constant at beam-steering angles up to about 25°. A typical disadvantage of
abeam-steering ILA is the increase of the internal reflections with the increase of the feed
offset. It is shown that the extension of a low permittivity extended hemispherical ILA can be
shaped to significantly reduce the internal reflections. It is also shown that it is possible to
design an integrated lens antenna with low reflection loss (< 1 dB), for moderate beam-steering
angles (< 15°), with any lens permittivity and with any feed element directivity. The reduction
of'internal reflections is based on the selection of the original ellipse radius larger than the final
lens radius and designing the shape of the extension for minimal reflections.
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Tiivistelma

Millimetri- ja alimillimetriaaltoalueilla on monia nykyisia ja potentiaalisia sovelluskohteita,
esimerkiksi satelliiteissa ja tietoliikenteessa. Sdhkoisesti suuria antenneja tarvitaan monissa
sovelluksissa, jotta saavutettaisiin suuri antennin vahvistus ja kapea keila. Heijastin ja
linssiantennit, joiden kaikki mitat ovat suuria suhteessa aallonpituuteen, suunnitellaan
yleisesti kdyttden sdteenseurantaa. Siteenseuranta perustuu geometriseen optiikkaan, joka on
korkean taajuuden approksimaatio Maxwellin yhtéaloista. Tarkein etu sdteenseurannalla
suhteessa tarkempiin menetelmiin on pienempilaskennallinen kuormitus. Téssa tyossa
sdteenseurantaa kaytetdan sahkoisesti suurien antennien synteesiin ja simuloimiseen.

Tyon ensimmaéisessé osassa 650 GHz:n kaksiheijastiminen syottojarjestelméa suunnitellaan,
testataan ja sitd kdytetdan hologrammiin perustuvassa antennimittapaikassa.
Syottojarjestelmad kaytetddn muotoillun valaisun aikaansaamiseksi hologrammille, mika
helpottaa hologrammin valmistusta. Suunnitteluun kiytetdén sateenseurantaan perustuvaa
numeerista synteesimenetelméa. Syottojarjestelma testataan antennimittauksin ennen
kayttod. Suunniteltua syottojarjestelmas kaytetddn menestyksekkéaasti tdyden mittakaavan
antennimittapaikassa, jossa 1,5 m:n antenni testataan 650 GHz:114.

Tyon toisessa osassa suunnitellaan sdteenseurantaa kdyttden integroituja linssiantenneja.
Useita antenneja suunnitellaan, valmistetaan ja testataan 77 GHz:n taajuudella. Sdhkoéinen
keilankdanto demonstroidaan kayttden integroituja syottoryhmia ja kytkinverkkoja. Linssien
keilankdantéominaisuuksia tutkitaan siteenseurannalla vertaillen eri permittiivisyyksia ja
syoton suuntaavuuksia. Keilankddntoominaisuuksia kehitetdan muotoilemalla linssia. Kun
tarkastellaan noin 30° keilankédantoaluetta, havaitaan, ettd matalan permittiivisyyden linsseilla
paras eksentrisyys on perinteisten jatkettujen puolipallolinssien ja elliptisten linssien
eksentrisyyksien valilta. Toisaalta, jos asetetaan syottoantennit pallomaiselle pinnalle jatketun
puolipallolinssin tapauksessa, saavutetaan keilan muoto ja vahvistus, jotka pysyvat lahes
vakioina 25°:n keilankaantokulmille asti. Tyypillisesti, kun syottéantenni on kaukana linssin
optisesta polttopisteestd, syntyy merkittavéasti sisdisid heijastuksia. TyOsséa osoitetaan, etta
néité haitallisia heijastuksia voidaan merkittavasti vihentdad muotoilemalla jatketun
puolipallolinssin jatkos osaa. Lisdksi osoitetaan, ettd on mahdollista suunnitella linssin muoto
siten, ettd heijastuhdvio on matala (< 1 dB) kohtuullisille keilank&dantdkulmille saakka (< 15°)
kayttden mitd tahansa linssin permittiivisyytta tai syoton suuntaavuutta. Heijastuhéaviéiden
vidhentdminen perustuu siihen, ettd valitaan alkuperéisen ellipsin pikkuakseli lopullista linssin
sdadettd suuremmaksi ja ettd linssid muotoillaan heijastusten minimoimiseksi.

Avainsanat antennimittaukset, keilankaénto, linssi, sdteenseuranta, heijastinantenni
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1. Introduction

1.1 Background

The millimetre and submillimetre wave frequency ranges (30 GHz — 3
THz) have many current and potential applications. Several scientific
satellites have been launched into space with large reflector antennas
equipped with millimetre and submillimetre wave receivers. For exam-
ple, Planck satellite was launched in 2009 and it is used to map the cosmic
microwave background radiation and its foregrounds at several frequency
bands from 30 GHz up to 857 GHz [1]. In order to ensure that the ex-
pensive and complicated satellite antenna systems operate correctly, the
antenna radiation characteristics need to be measured prior to launch. At
higher frequencies, in antenna measurement as well as in antenna man-
ufacturing, mechanical accuracy requirements become very demanding.

Large atmospheric attenuation largely prevents the use of submillime-
tre waves over long distances in ground based applications. On the other
hand, at millimetre wave frequencies, e.g., high speed data links are fea-
sible. At E-band (71 GHz — 86 GHz) bandwidths of several gigahertz are
licensed for telecommunication applications [2]. Also, e.g., automotive
radar at 77 GHz — 81 GHz requires beam-steering antenna with a nar-
row high-directivity beam [3].

Electrically large antennas are needed in many applications, e.g., in or-
der to achieve high antenna gain with a narrow beam. Reflector and lens
antennas, with all dimensions large compared to the wavelength, are com-
monly designed using ray tracing. Ray tracing is based on geometrical op-
tics (GO) that is a high frequency approximation of Maxwell’s equations,
i.e., all dimensions are assumed to be large compared to the wavelength.

The main advantage of ray tracing is the decreased computational effort
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Introduction

as compared to more accurate full-wave methods.

1.2 Motivation and scope of the thesis

In this thesis, ray tracing is used in both synthesis and simulation of elec-
trically large antennas. In antenna synthesis the shape of the antenna
is calculated from the known and desired field distributions. In antenna
simulation the electrical properties of the known antenna are calculated.
The synthesis and simulation methods are used to design several differ-
ent antennas. An important task of any antenna design work is to test
the designed antenna with measurements, and therefore antenna mea-
surements are used in this thesis to verify the simulation results.

A 650 GHz dual reflector feed system (DRFS) is designed with a synthe-
sis method based on ray tracing. The DRFS is used in a hologram-based
compact antenna test range (CATR) to test a 1.5-m diameter antenna. Us-
ing a modified illumination, provided with the DRF'S, the operation of the
hologram is improved as the required amplitude tapering is included in
the illumination and narrow slots can be avoided in the hologram pattern.

In this thesis, several beam-steering integrated lens antennas (ILAs)
for E-band are designed with ray-tracing simulations and tested with ra-
diation pattern measurements. In an ILA, a planar feed array, together
with a switching network, is integrated into direct contact with the di-
electric lens. Beam steering is achieved by switching between the feed
elements. This work aims at improvement of the beam-steering proper-
ties by optimising the shape of the lens for improved performance for large
beam-steering angles. A typical disadvantage of a beam-steering ILA is
the increasing internal reflections with feed elements away from the focal
point of the lens. The last part of this thesis focuses on designing lens
shapes with reduced levels of internal reflections. Also, beam-steering
properties of ILAs with a wide range of different lens permittivities and
feed element directivities are studied with the conventional and with the
proposed lens designs.

The ray tracing synthesis and simulation methods are introduced in
Chapter 2. Chapter 3 concentrates on designing and testing of the 650
GHz DRFS and its use in a hologram-based CATR. Chapter 4 presents
the ILA designs and test results. Summary of the articles and conclusions

are in Chapter 5 and Chapter 6, respectively.
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Introduction

1.3 Scientific contributions of the thesis

The scientific contributions of the thesis are:

1. Design and testing of a 650 GHz dual reflector feed system producing
the desired modified beam shape. Increased understanding and im-

provement of the used synthesis method in antenna design. [I,II]

2. Antenna measurements and analysis of results of a 1.5-m diameter an-
tenna at 650 GHz in a hologram-based antenna test range. So far, this
is the highest frequency at which any CATR has been used for antenna
tests. [III]

3. Comparison of beam-steering integrated lens antennas with different

lens permittivities and feed element directivities. [TV,VI,VIII,IX,XTI]

4. Design and measurement of two beam-steering integrated lens anten-
nas at 77 GHz with feed arrays and switching networks integrated in
low-temperature co-fired ceramic (LTCC). The lenses together with the
feed arrays and switching networks enable electronic beam steering.
[V,VII]

5. The optimal eccentricity of a low permittivity integrated lens for a high-
gain beam-steering antenna is found. A prototype is tested and analysed
at 77 GHz. [VL,VII]

6. Extended hemispherical integrated lens antenna with feeds on a sphe-
rical surface is found to have very low scan loss. A prototype is tested
and analysed at 77 GHz. [IX]

7. A method to reduce internal reflections in low permittivity extended
hemispherical integrated lens antennas is developed. A prototype is

tested and analysed at 77 GHz. [VIILIX]

8. A method to reduce internal reflections in integrated lens antennas

with any lens permittivity or feed element directivity is developed. [X,XI]
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2. Ray tracing in antenna design

Ray tracing is used to calculate paths of many different kinds of waves.
Ray tracing is used, e.g., in acoustics to calculate sound waves and in seis-
mology to calculate seismic waves. The most traditional use of ray tracing
is in optics in, e.g., designing optical lenses and other optical systems. Ray
tracing is also used in computer graphics for image generation. Further-
more, ray tracing is used to calculate propagation of radio signals and in
propagation channel prediction.

In this thesis, ray tracing based on geometrical optics (GO) is used in
antenna design. Theory of GO is briefly introduced in Section 2.1 and
ray tracing in isotropic homogeneous media in Section 2.2. Ray-tracing
antenna design techniques are divided into two subsections. Antenna
synthesis techniques using ray tracing are reviewed in Section 2.3 and
ray-tracing simulations are reviewed in Section 2.4. The dual reflector
antenna synthesis method used in this thesis is introduced in more detail
in Section 3.3. The integrated lens antenna simulations with ray tracing

are introduced in Section 4.1.

2.1 Geometrical optics

Geometrical or ray optics is widely used in the design of electrically large
lens and reflector antennas. GO is a high frequency approximation of
Maxwell’s equations [4—6]. The high frequency approximation is accu-
rate if all distances, radii of curvature, etc., are large compared to the
wavelength. In principle, GO assumes that effects due to diffraction are
negligible. With optical systems the dimensions are typically very large
compared to the wavelength and the geometrical optics approximation is
accurate [4]. At radio frequencies the dimensions can be from several up

to a few tens of wavelengths and therefore the accuracy of GO may be
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compromised. Nevertheless, GO can provide meaningful and useful ap-
proximative results.

The geometrical optics approximation is derived from the electric and
magnetic field expansions as power series of inverse powers of the angular

frequency [4]

T = —jkoL(F) ad Ez(?)
E(w,7)=¢"/ ;:O o (2.1)
— _ - & Fq(F)
N — ko L(7)
H(w,7)=¢e"’ ;:0 Gy (2.2)

where L(7) is the so-called eikonal function and kg = w+/(poco). Time
dependence of ¢/t is assumed. At high frequencies the 0" order term
dominates. The 0" order equations describe the geometrical optics field.
The geometrical optics field vectors Ey, Hy, and k(F) = kyVL(F) are
perpendicular to each other. The surface where the phase is constant is
given by the surface where Re{L} is constant. When L is real, power
propagates in the direction of k, i.e., perpendicular to the constant phase
front (L is complex in lossy material and in the shadow region [5]). The

phase ® on a general phase front is [4]
. w
®(7) = wt — —L(7), (2.3)
Co

where ¢ is the speed of light in free space.

The eikonal function determines the ray directions and the wave fronts.
The eikonal function is determined from the so the called eikonal equation
[4]

IVL(T)| = \/ ur (F)er(T) = n(7), (2.4)

where n(7) = /p-(7)e,(T) is the index of refraction of the medium. Dif-
ferential equations for determining ray paths and fields can be derived
from the eikonal equation [4]. For example, in homogeneous medium n is

constant and the eikonal function is [4]
L(s) = ns + L(sgp), (2.5)

where s is a distance along a ray. The geometrical optics approximation is

a local plane wave propagating along a ray

Fo = nﬁo XS (2.6)

1 _
Hy = ;]? x Ky, 2.7

where n = /¢/u is the wave impedance and s is the ray direction unit

vector. The ray direction is perpendicular to the wave front and can be
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calculated from the eikonal function [4]

vL
L

(2.8)

S =

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. Rays that pass through a given closed
curve constitute a ray tube [4].

Ray tubes are useful in understanding and calculating propagation of
power. In general, rays and ray tubes are used as conceptual aid in deriv-
ing equations or functions that describe analytical solution to the given
problem. Usually, in the implementation of geometrical optics, the prop-

erties of single rays are not calculated.

2.2 Ray tracing

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 materi-
als, 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.

Properties of geometrical optics fields and rays are described in Sections
2.2.1 and 2.2.2 in homogeneous, isotropic, and low loss medium. Wave
fronts and material surfaces are approximated with planes and the field
in a ray tube is calculated from the average of the ray amplitudes. The
source is approximated as a single point source, i.e., no extended sources
are used [6, 7]. These approximations are used in the ray-tracing synthe-
sis method in Chapter 3 and in the ray-tracing simulations in Chapter 4.
With these approximations the geometrical optics equations are greatly
simplified. Similar ray tube tracing method is used, e.g., in [8,9].

In general, there are several different levels of local approximation in
representing fields with rays. Often the wave front is approximated with a
second-order approximation that is characterised with two principal radii

and directions of curvature, e.g., in [4-6,10,11].
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a) b)

Figure 2.1. Reflection and refraction of a plane wave at a planar interface of two lossless
media: a) parallel polarisation, and b) perpendicular polarisation.

2.2.1 Ray path

A ray in a homogeneous medium is a straight line. For homogeneous

medium (n(7) = n), a ray can be described simply as
5, = 5o + S5, (2.9)

where s is the distance along a ray, s is the ray direction unit vector, and
50 is the starting point of the ray. The ray direction approximates the
direction of propagation, i.e., the ray direction is the same as that of the
local wave vector k = k.

When a ray (a plane-wave) encounters a boundary between two differ-
ent media, it is reflected and refracted from the boundary, as illustrated
in Figure 2.1. The incident wave comes at an angle #; compared to the
surface normal unit vector 7. A part of the incident wave is reflected at an
angle 0] and a part is refracted (transmitted) into medium 2 at an angle
fy. The geometrical optics approximation is locally a plane wave and the
material surface is approximated as the tangential surface at the point of
incidence. Let us assume in the following that the materials are lossless
and p1 = puo = pp. In general, these are good approximations in case of
the reflectors and dielectric lenses.

The angle of incidence and the angle of reflection are equal, §; = 0/, and

the refraction angle is calculated from Snell’s law
n1sinf; = no sin O, (2.10)

where n; = /2,1 and ng = /2. Reflected §) and refracted s, ray direc-
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tions are calculated using Snell’s law and from the surface normal vector
n. The ray directional vectors 5;, 3}, 52, and the surface normal vector 7
lay on the same plane.

Next, the field on both sides of the boundary are solved. Because the
field along the ray is the local plane wave approximation of (2.6) and (2.7),
it is sufficient to solve only the electric or magnetic field. The electric
field vectors of the reflected and refracted (transmitted) rays are calcu-
lated first by dividing the known incident field F; to the parallel Elllﬂ

and perpendicular Ei7{ components
E, = Bl + Biat, (2.11)
where
Ef=FE,-ut , El=FE -4, (2.12)

where 7 and ﬂ! are the perpendicular (transverse electric- or TE- pola-
risation) and parallel polarisation (transverse magnetic- or TM- polarisa-
tion) unit vectors, respectively. These polarisation direction unit vectors

are calculated from incident ray direction 5; and from the surface normal

n
— = = oL

ot = 220 al = LU (2.13)
7 mx s L7 s x wi

Fresnel reflection and transmission coefficients for parallel and perpen-
dicular polarisations are calculated from the incident angle 6; and from

the relative permittivities of the two medium

/ Er2 _ ain2 _ Er2 .
B E71|| \/ 22 —sin 0, - cos 6, ©2.14)
Er

p” - II = Er2 2 Er2
E] &2 —sin 01 + -2 cos 01
El 2 5%2 cos 01
7 = % _ el (2.15)
L ,/%fsin291+%00s91
L costh — /=2 — sin? 64
pL=—"r= (2.16)
Ej \/m + cos b
Ey 2cos 6
=22 o5 . (2.17)
E7 ,/?ﬁfsin291+c0591
The reflected and refracted (transmitted) fields are
Ey = p B + p Efait (2.18)
Fg = T“E‘l‘ﬁ! =+ TLE%EQL s (219)
where N
= DXE gl BXT (2.20)
n X 5| |3 x uf
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- = R
nxs So X U
uy = 2 a = 220 (2.21)
[ X 59| [52 x 1y
If e,1 > €,9 , a total reflection occurs if:
- Er2
61 > sin™ (,/—). (2.22)
Erl

In case of a total reflection, reflection coefficients become complex num-
bers and [pL| = |pj| = 1, i.e., all incoming power is reflected. Reflection
coefficients are calculated from (2.14) and (2.16) and they affect only the
phase of the reflected ray. The phase change depends on polarisation and
angle of incidence.

In general, metal reflector surfaces can be considered as perfect electric
conductor (PEC) surfaces. The reflection coefficient from a PEC surface

for all polarisations and for all incident angles is p; = p| = —1.

2.2.2 Fields and power

In general, in ray-tracing calculations of reflector or lens antennas, it is
common to approximate that the feed antenna is a point source. The orig-
inal field values for the rays can be determined from a known far-field
pattern of the feed that is defined as an angular field distribution origi-
nating from the focal point, from where all the rays also originate.

As a single ray is traced, with the first order approximation of the wave
front, only the phase of the field changes along the ray in lossless medium.
When lossy dielectrics are considered also the amplitude changes. Field
along a single ray does not represent the geometrical optics approximation
of the field because a single ray does not include divergence or convergence
of the wave front. The fields calculated in Section 2.2.1 describe how the
field along a single ray changes on the boundaries of different materials.

The wave front properties are calculated with ray tubes defined by sev-
eral rays. Power and the fields are calculated for ray tubes intersecting a
surface. A ray tube is illustrated in Figure 2.2. The smallest number of
rays that can define a ray tube is three. It is more common to use ray grids
defined in polar coordinates and four rays per ray tube as, e.g., in [12].

The original field values for the rays are determined directly from the

far-field pattern of the feed
E = Efeed(07 ¢)7 (2.23)

where F is the field value for the ray at the surface, at which the ray-
tracing fields are originally calculated, in direction (6, ¢) in the local coor-

dinate system of the feed whose origin is at the focal point of the feed.
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Figure 2.2. Example of a ray tube from surface S, to S,. A ray tube between two surfaces
is fully defined with the parameters of the material between the surfaces and
with the ray intersection points, ray amplitudes, and surface normal vectors
at the ray intersection points on the surfaces.

Ray-tracing is calculated from surface to surface. An example of a ray
tube from surface S, to S, is illustrated in Figure 2.2. In the following,
the calculation of the field and power from S, to S, is explained.

Electric field changes along m!" ray from S, to S,
Em,b — Em’ae_jk(swz,b_sm,a)e_% tan 6'k<5m,b_5m,a)7 (2.24)

where E,, , and E,, , are the fields along the ray at the intersection points
of the ray at surfaces S, and S, respectively, and s, , —sm,q is the length of
the ray between the surfaces, and tan ¢ is the loss tangent of the medium.
The first exponent term in (2.24) includes the phase change along the
ray. The second exponent term in (2.24) includes an approximation of

dielectric loss in case of low-loss material [13], i.e.,
1
Im{k} ~ 3 tand - k, (2.25)

with tand = Im{e,}/Re{e,} < 1.
The power and field of a ray tube on the surfaces are calculated next.
In general, the ray tube may intersect the surface at an angle. The tube

cross-section is defined as a surface that is perpendicular to the rays. The
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cross-sectional areas are approximated as

S

1 1 M
Across,a ~ Au(i §m AT Z ﬁm,a) (226)
M ~

ms

~
Il
—

1

1 M
Across,b ~ Ab(* Sm 7= Z ﬁmﬁb% (227)
M —

M

m=1

where A, and A, are the areas on the surfaces that the ray-tube inter-

sects, and M is the number of rays that define the ray tube, 3, is the ray

direction of the m!" ray, and Tim,qa and 7, ;, are the unit normal vectors on
the surfaces at the intersection points of the ray.

The electric field of the local plane wave approximation on the surface

Sy intersected by the ray tube is

M
> Enp Across.a : (2.28)

where E,,; are the ray fields from (2.24). If needed, the magnetic field
can be calculated with (2.7). In general, it can be said that Fyyp.p is the
geometrical optics approximation field on the surface area A..,ss;. If a
single coordinate point needs to be defined for the field value, it can be
considered to lie at the centre point of Ay.

Power that propagates through the surface S; in a ray tube is calculated

from the real part of Poynting’s vector
1 .
p= 5Re{/ ExH -d5). (2.29)
s
Power inside a ray tube on the surface S; is then approximated as
L = 2
Ptube,b ~ ?U‘Etube,bl Across,lr (230)

In lossless material (tand = 0) power does not change, i.e., Pupeq =
Prypep. The total power passing through a surface is simply the sum of the
powers in all of the ray tubes intersecting the surface.

On the interface between two materials the field and power components
of the incident, reflected, and refracted ray-tubes can be calculated sim-
ilarly with the fields along the rays ((2.11), (2.18), and (2.19)) and with

cross-sectional areas of the incident, reflected, and refracted ray-tubes.

2.3 Ray-tracing antenna synthesis

Antenna synthesis means that the reflector or lens surfaces are calcu-

lated, i.e., synthesised, by some means from a known feed radiation and

34



Ray tracing in antenna design

desired radiation of the antenna. Synthesis methods can be divided into
different groups in many ways. The synthesis methods can be divided into
direct and indirect methods. In indirect methods the aperture field of the
antenna is calculated from the desired far-field and the shaped surfaces
are synthesised to produce that aperture field. The direct methods use
the desired far-field in the synthesis. The synthesis methods can also be
divided based on the method used to calculate the electromagnetic fields.
Most synthesis methods are based on geometrical optics or physical op-
tics. Physical optics methods are sometimes called diffraction synthesis
methods, because diffracted fields are often included by using physical
theory of diffraction (PTD).

Synthesis methods are usually developed for a specific antenna type.
Synthesis methods can be divided to reflector synthesis methods and lens
synthesis methods. Some synthesis methods can be used for both reflector
and lens antennas. Usually a synthesis method is used with some kind
of optimisation, where the synthesis objective (or basic geometry etc.) is
changed, the shaped surfaces are synthesised, and then the antenna is
analysed and compared with the design objective.

Examples of GO and ray-tracing reflector and lens antenna synthesis
methods are described in the following paragraphs.

A GO-based indirect synthesis method is presented in [14]. The shaped
dual reflector surfaces are determined by solving a pair of first-order or-
dinary non-linear differential equations. An example of a dual-reflector
system, which will produce a uniform phase and amplitude distribution
in the aperture of the reflector, is given. Another example of a GO-based
indirect synthesis method based on solving a non-linear second-order par-
tial differential equation is given in [15]. The Monge-Ampeére type equa-
tion is solved numerically by using an iterative procedure that converges
to the actual solution [15]. A direct GO-based method for axis-symmetric
substrate lens is presented in [16]. GO is used to obtain the first guess
of the lens shape and physical optics (PO) formulation is used to compute
the actual far-field radiation pattern. In [17], the method is generalised
also for a shaped double-shell dielectric lens antenna. An indirect GO-
based dielectric lens synthesis method is presented in [18]. The profiles
of rotationally symmetric lens surfaces are calculated numerically from a
non-linear differential equation.

An indirect ray-tracing based synthesis method is presented in [19]. It

is formulated for a shaped dual offset reflector antenna based on a ba-
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sic geometry of either a Cassegrain or a Gregorian system. Rotational
symmetry is assumed for feed pattern and for the desired aperture field
pattern. A first-order approximation is used for the surfaces. A similar
method is used in [20] to design a dielectric bifocal lens, where the shape
of the two lens surfaces are synthesised for focusing from the two focal
points.

Reflector surfaces and wave fronts are described in terms of curvature
parameters of the bi-parabolic expansions in [10]. It is an indirect ray-
tracing based synthesis method for dual offset reflector antennas. To get
the aperture mapping exact, extra variables are added to the mapping,
i.e., by allowing the radial lines of the aperture ray grid to be curved.
Using the bi-parabolic expansions for surfaces and wave-fronts makes the
solution easier to control [10]. The synthesis technique has been used for
shaped offset dual reflectors antennas and for a dual reflector feed for a
spherical reflector.

In [21], a ray-tracing based synthesis method, with a first-order approx-
imation for the surfaces, i.e., tangential planes, is presented. The met-
hod is used to design a dual reflector feed system (DRFS) for a single off-
set reflector CATR. The surfaces are extrapolated based on a tangential
plane at the previous point. Another indirect ray tracing based synthesis
method, with the first-order approximation for the surfaces, is presented
in [22]. A dielectric lens synthesis method based on indirect ray-tracing is
presented in [23]. A first-order approximation is used for the surfaces of
the rotationally symmetric lens. The lens has two shaped surfaces, sim-
ilarly as dual reflector antennas, allowing the control of both amplitude
and phase of the aperture field.

A direct ray-tracing synthesis method for designing a feed system for
a hologram-based CATR is described in [12,24,25]. The synthesis met-
hod was developed specifically for designing a DRF'S for a hologram-based
CATR. This synthesis method is used in this thesis in designing a 650
GHz dual reflector feed system (Chapter 3 and [I-III]). In this method,
the first-order approximation is used for the local approximation of the

reflector surfaces and for the wave fronts.

2.4 Ray-tracing antenna simulation

Large reflector and lens antennas are commonly simulated using ray tra-

cing. The main advantage of ray tracing is the decreased computational
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effort compared to more accurate full-wave methods.

Ray tracing is usually used in combination with other simulation meth-
ods. Rays are launched from the source, traced through reflections and/or
refractions, and the resulting field is calculated on a surface. The most
typical example is a reflector (or lens) antenna, where the rays are laun-
ched from the focal point of a feed antenna, simulated (or measured) ra-
diation pattern of the feed is used to calculate the initial fields for the
rays, and the result of the ray-tracing simulation is the aperture field and
the far-field is solved from the aperture field using Huygens’ method, i.e.,
aperture integration of equivalent surface currents.

Typically the feed radiation pattern is calculated with some other simu-
lation method or simulation software, e.g., method of moments (MoM)
[26], HFSS [27], or by assuming theoretical current distribution for the
feed [28,29]. It is also possible to use some simple function to model the
feed radiation pattern, e.g., [11,30,31], or a measured feed radiation pat-
tern as in [32]. The source that gives the initial field can be a plane wave,
if the antenna is simulated in a receiving mode [33].

Typically in ray-tracing antenna simulations the wave front along a ray
is approximated with a second-order approximation that is characterised
with two principal radii and directions of curvature, e.g., in [4,6, 11, 26,
28,30]. With the second-order approximation, the field is calculated and
traced along each ray. The first-order approximation ray represents a
plane wave and the wave front divergence or convergence is calculated
from the changing cross-sectional area of the ray tube. With the first-order
approximation, the field is calculated and traced along each ray tube. This
approximation is used in this thesis, and also, e.g., in [8,9].

In principle, the rays can be traced to the far-field. However, especially
with directive antennas, ray-tracing does not predict the far-field accu-
rately, therefore ray-tracing is used to calculate the aperture field. The
far-field is solved using Love’s field equivalence principle for the region
outside the antenna, i.e., a precise expression and a generalisation of Huy-
gens’ principle [34]. The equivalent electric and magnetic currents are
calculated from the tangential components of magnetic and electric fields,
respectively, at the aperture surface and the far-field is integrated from
the equivalent currents. Aperture surface is chosen as a surface near or
on the antenna, on which it is convenient to make assumptions regarding
the field values for the purpose of computing fields at external points [35].

In this thesis, ray-tracing simulations are used in designing several
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beam-steering integrated lens antennas (ILAs) in Chapter 4 and in [IV-
XI1.
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3. Dual reflector feed system (DRFS)

Development of a hologram-based compact antenna test range (CATR)
started in the 1990’s [36, 37]. Since then antenna tests have been con-
ducted at 39 GHz [38], 119 GHz [39], 322 GHz [40,41], and 650 GHz [III].

A dual reflector feed system (DRFS) can be used to provide shaped
illumination that simplifies the hologram manufacturing [12,42]. The
hologram-based CATR and the use of a DRFS in it are introduced in Sec-
tions 3.1 and 3.2, respectively. The DRFS is designed using a ray-tracing
based synthesis method [12,24,25,42]. The synthesis method is described
in Section 3.3.

A 650 GHz DRFS was designed [I] and tested [II] as a part of an antenna
measurement campaign aiming at the measurement of a 1.5-m diameter
antenna at 650 GHz [III]. The design and testing of the 650 GHz DRFS
are described in Sections 3.4 and 3.5, respectively, and the antenna tests
in a CATR at 650 GHz in Section 3.6.

3.1 Hologram-based CATR

A hologram-based compact antenna test range is using a computer gener-
ated radio-wave hologram instead of a more common reflector or a set of
reflectors, e.g., [21,43-45], or a lens [43,46,47]. A hologram is an interfer-
ence pattern of the wave-front illuminating the hologram and the desired
goal field. In a CATR, the goal field is a plane wave in the quiet zone. The
hologram is illuminated with a spherical wave from a feed horn [38-41]
or from a DRFS [42], [III]. The computer generated hologram design is
explained in detail in [48,49], and the design of a hologram for a hologram-
based CATR in [36,37,50-52].

There are four different hologram types that can be used in a CATR; a

transmission-type amplitude hologram [36—41], a transmission-type phase
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Figure 3.1. Example of a transmission-type amplitude hologram pattern. Metal is in
black and slots in white. [III]

hologram [53-56], a reflection-type amplitude hologram [57], or a reflec-
tion-type phase hologram [58,59].

All the holograms used in the reported antenna tests have been trans-
mission-type amplitude holograms. An example of a hologram pattern is
presented in Figure 3.1. The pattern consists of vertical, slightly curved
slots on a metal plated dielectric film. It is called an amplitude hologram,
because it modulates the field by blocking the field at the metal strips
and by transmitting through the slots. A schematic layout of a typical
hologram-based CATR using a transmission-type amplitude hologram is
shown in Figure 3.2. The quiet-zone (QZ) field is produced at an angle of
33° in order to avoid direct radiation through the hologram to the QZ. The
antenna under test (AUT) is placed in the QZ and rotated in the antenna
tests.

In principle, in the transmission-type amplitude holograms, the width
of a slot corresponds to an amplitude modification and the position of the
slot corresponds to a phase modification. The hologram pattern is op-
timised based on two-dimensional simulations [37,50]. The quiet-zone
field is calculated with physical optics (PO) from the aperture field. Be-
cause the whole hologram is too large to simulate in one simulation, only
one cut of the nonuniform metal grating is analysed at once. Also the
PO calculation is done in only two dimensions, i.e. in the same plane as
the FDTD simulation [37]. The cross-polarisation can not be analysed in
the two-dimensional simulations, therefore the cross-polarisation is cal-

culated with a method presented in [51].
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Figure 3.2. Layout of a CATR based on a transmission-type hologram. [III]

The advantages of a hologram-based CATR for testing large antennas
at high frequencies are relatively low surface accuracy requirement, low
cost, and ease of fabrication. Surface accuracy requirement of a reflec-
tor is approximately \/100 [60]. As the hologram is a transmission type
element, the planarity requirement is much less demanding [61]. The
required hologram pattern accuracy of A\/100-\/50 [62, 63] is easier to
achieve with the planar hologram than a similar accuracy for a three di-
mensional reflector. A hologram is a light weight structure making it pos-
sible to transport the hologram to the AUT, if transporting the large an-
tenna is not possible. In the conducted antenna measurement campaigns,
the CATR has been constructed and antenna tests have been done in a
relatively short time [38—41], [III]. The main disadvantage is a relatively
narrow bandwidth of +10% [62].

Also other measurement techniques have been used to test sizable an-
tennas at submillimeter wavelengths, e.g., a reflector based CATR up to
500 GHz [64,65]. The main disadvantage compared to a hologram-based
CATR is the need of very large high precicion reflectors. Near-field mea-
surements have been reported up to about 650 GHz [66,67]. The disad-
vantage of near-field measurements is the need of a high precision scan-
ner and very stable measurement equipment due to long measurement

time needed.
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Figure 3.3. Example of slot widths in the 310 GHz holograms (a) with a modified illumi-
nation and (b) with a direct illumination with a feed horn. [42]

3.2 Feed system for a hologram based CATR

Traditionally, a corrugated feed horn has been used to illuminate the holo-
gram with a Gaussian spherical wave [38—-41]. This leads to high edge
illumination of the hologram, and therefore the slots in the hologram pat-
tern need to be narrowed towards the edges, in order to reduce the ripple
caused by edge diffractions [37,50]. The narrow slots are difficult to manu-
facture accurately. It may happen that the narrow slots are not completely
etched [68]. These narrow slots can be avoided, if the amplitude taper is
already included in the field illuminating the hologram. Examples of holo-
gram pattern slot widths of holograms designed for a corrugated feed horn
and for a modified illumination are shown in Figure 3.3. A dual reflector
feed system (DRFS) can be used to modify the hologram illumination to
have a flat amplitude to the centre of the hologram and amplitude taper-
ing to the edge of the hologram [25,42]. Two DRF'Ss for hologram CATRs
have been constructed; one at 310 GHz [12,42] and another at 650 GHz
[I-III].

Also, the quiet-zone size can be increased by using a modified illumina-
tion. As the hologram is used only for modifying the phase pattern, the
width of the flat amplitude pattern in the illuminating field in principle
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determines the QZ size. Traditionally the holograms have been limited
to a QZ diameter less than a half of the hologram diameter, e.g. [36,37],
or up to about 65% [40]. With the modified illumination from a DRFS
the QZ size is in principle proportional to the —1 dB beam-width of the
illumination [25, 52].

The hologram edge illumination and the ratio of the QZ diameter to the
hologram diameter are in general compromises that affect the QZ field
quality, i.e. amplitude and phase ripples. The —1 dB beam-width of the il-
lumination needs to be as wide as possible. Amplitude tapering is needed
to the edge of the hologram to avoid strong diffraction from the hologram
edges. The combination of a wide beam and amplitude tapering is difficult
to realise with low amplitude and phase ripples and a compromise has to
be made. In principle, the QZ ripples are a combination of the ripples in
the illumination and the ripples caused by the hologram.

Traditionally the holograms have been limited to be used only at the lin-
ear vertical polarisation. That is because the transmission of a horizontal
polarisation through the vertical slots is nearly independent of the slot
width [37, 69, 70] and, therefore, edge diffraction at the horizontal pola-
risation is not avoided with narrowing of the slots. A hologram designed
for the modified illumination from a DRFS can be used at both the ver-
tical and horizontal polarisations [69]. However, if the hologram film is
too thick, resonances inside the hologram film can prevent the use of the
horizontal polarisation [III].

The hologram causes cross-polarisation due to difference in transmit-
tance of parallel and perpendicular field components compared to the di-
rection of the slot. With wider slots the difference of transmittance is
smaller than with the narrow slots [52,70]. With a hologram designed for
horn illumination the maximum cross-polarisation level in the QZ is about
—15 dB to —20 dB [12,51]. With a hologram designed for the modified il-
lumination from a DRF'S the QZ cross-polarisation can be about 6 — 11 dB
lower [52, 70], without taking into account the cross-polarisation of the
illuminating field. However, also the cross-polarisation of the illuminat-
ing field propagates to the QZ. The QZ cross-polarisation is a sum of the
cross-polarisation of the illumination and cross-polarisation caused by the
hologram and, therefore, the cross-polarisation level of the DRF'S should

be low.
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3.3 Ray-tracing based synthesis method

In [I], a DRFS is designed for a 650 GHz hologram-based CATR. The
DRFS is designed using a ray-tracing based numerical synthesis met-
hod [12,25,42]. This synthesis method is briefly introduced in this section
and full description can be found in [12,25,42]. The method is similar to
the method in [10], with the difference that the electromagnetic field is
represented as plane waves along the rays and reflector surfaces approx-
imated with tangential planes [12]. The synthesis starts with the chosen
basic geometry and the chosen input and output fields. The second step
is the definition of the input and output rays to represent the fields. Then
the shapes of the reflectors are synthesised.

The geometry of a DRFS is illustrated in Figure 3.4. The geometry can
be called a dual shaped hyperboloid geometry, because of the location of
the focal points. The first reflector is called a subreflector and the sec-
ond reflector is called the main reflector. The subreflector is directly illu-
minated by the feed horn and it is mainly responsible for modifying the
amplitude. The main reflector is used to correct the phase. The basic
geometry can be divided in three parts; the feed antenna focal point and
the input field aperture plane, the system focal point Fj;, and the output
field aperture plane, and the centre ray path. The centre ray defines the
distances between the feed and the reflectors and the offset angles with
distances foup, Tsup, @nd 7pain and angles ageeq and agy. The input and
output fields are defined on the aperture planes. The angles 0..q and
Omain affect the size of the reflectors and the edge illumination levels.

The input field is the far-field radiation pattern of the feed and the in-
put field £;, on the input aperture plane is defined directly by the feed
radiation pattern (2.23). Corrugated feed horns are used as feed anten-
nas, because of the nearly rotationally symmetrical beams [12,25,42]. The
input rays are launched from the feed horn phase centre point and the di-
rections are defined by the intersection points on the input field aperture
points (Figure 3.4). On the aperture plane, the rays form a ray grid of N
x M rays, as illustrated in Figure 3.5. For simplicity the input field is
assumed rotationally symmetric [12,25,42].

The output field defines the synthesis objective field F,,;. The synthesis
objective field is chosen based on the desired hologram illumination phase
and amplitude distribution. Also the output field is assumed rotationally

symmetric for simplicity [12,25,42]. The output rays are launched from
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Figure 3.4. Basic geometry of a DRFS. Figure is not in scale.

the system focal point and the directions are defined by the intersection
points at the output field aperture points (Figure 3.4).

The input ray points on the aperture plane are chosen. The output ray
points on the aperture plane are calculated in a process called aperture
mapping. The rotational symmetry simplifies the ray grid into ray rings.
The ray rings are numbered from 1 to N — 1, with n;,;,. between ray rings
nandn+ 1.

The output ray coordinates are determined based on the law of power
conservation inside the ray rings. Power in a ray tube n;,;. is calculated

from (2.29)—(2.30) in the input field aperture plane ray grid as

1 B} (pn) + EZ,(pnt1)
e R N CR Y

Pin(niupe) =

where p,, and p,,;1 are the input ray ring coordinates at the input aperture
for ray rings n and n + 1, respectively.

The output field is typically defined initially as a normalised amplitude
function with the maximum amplitude equal to one. The output field is
normalised with a scaling factor to get the total power in the input and
output aperture planes equal. Next, the output ray coordinates p’ are
solved starting from the centre p} = 0, by demanding that power in each

ray tube is equal in the input and the output

Pin(ntube) = Pout (ntube)- (3.2)
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Figure 3.5. Ray grid and ray tubes.

The coordinates p/, ,; are solved from
Pot(rnae) ~ 3 [ Bt 2y (3.3)

In the numerical implementation E,,; is initially defined in constant Ap’
grid (or some other user defined grid), then it is normalised with the scal-
ing factor in order to get the total power in the input and output equal,
and then (3.3) is solved for each ray tube as an integral of piece-wise con-
tinuous linear function of E2,,.

When the centre ray path, input rays, and output rays are known, the
reflector surfaces can be calculated. The reflector synthesis starts from
the centre ray and progresses ring by ring to the aperture rim. The re-
flector surfaces are assumed to be locally planar given by the tangential
plane calculated at the anterior point using Snell’s law. For a ray (n,m)
the input and output rays, the anterior points (n—1,m) and the horizontal
and vertical tangents at the anterior points are known. Calculation of the
next point of a surface is illustrated in Figure 3.6.

The main reflector surface point is moved along the output ray to adjust
the total length of the ray from the feed phase centre point to the output
field aperture. The desired ray length of a ray (n, m) is

A A
I(n,m) = \/p2(n,m) + f2, — ﬁ@m(m m) — ﬁ%t(n, m)+C, (3.4)

where the first term is the distance to the system focus Fj,;, (Figure 3.4),
®;, is the feed antenna phase pattern, ®,,, is the synthesis objective phase
pattern, and C is a constant that depends on the centre ray length com-

pared to fj.,. After the phase correction, the ray intersection points on
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Anterior point  Next point

Figure 3.6. Calculation of the point on the surface using the anterior point.

both reflectors are known. Then, the tangential planes are calculated and
used for the calculation of the next point.

After the synthesis, the rims of the shaped surfaces are fitted to planes
with rounded sections. The rounding is needed to reduce edge diffrac-
tion. Also, the planar sections around the shaped surfaces facilitate the
mechanical construction of the feed system.

Approximations in the design and error sources are [12,25]: field pola-
risation is not taken into account; input (and output) fields are assumed
to be rotationally symmetric causing mapping error and asymmetry to the
output field; when the main reflector point is corrected to adjust the phase,
also the amplitude changes and that is not taken into account in the syn-
thesis; the synthesis does not include diffraction effects; using the ante-
rior point tangential planes causes a cumulative error increasing towards
the reflector rim; numerical accuracy depends on the number of rays; the
synthesis does not take into account possible multiple reflections inside
the DRF'S nor does it take into account possible direct radiation from the
feed to the output aperture. These approximations and limitations are
taken into account and their effects minimised by the choice of the basic
geometry parameters, low edge illumination of the reflectors, and by using
the synthesis method together with simulations that take into account,
e.g., non-symmetry of the feed radiation pattern and cross-polarisation.

As part of the design procedure, used in designing both the 310 GHz
DRFS [12] and the 650 GHz DRFS [I], the optimisation of the DRFS is
based on iterative process including reflector synthesis and simulations
using physical optics (PO) to verify the operation of the synthesised DRF'S.
These two successfully designed DRF'Ss show that the synthesis method

can be used to design shaped reflector antennas.
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3.4 Design of a 650 GHz dual reflector feed system

In [I], a dual reflector feed system is designed for a 650 GHz hologram-
based compact antenna test range. The reflector synthesis method based
on ray-tracing, introduced in Section 3.3, is used together with itera-
tive optimisation with a commercial reflector antenna simulation software
GRASP8W [71] using physical optics (PO) and physical theory of diffrac-
tion (PTD).

The design objective is a hologram illumination at linear vertical pola-
risation for a hologram with f},,10/Dhoto = 4, @ —1 dB beam-width corre-
sponding to an (at least) 2-m-diameter QZ with the 3-m-diameter holo-
gram, and a —10 dB amplitude tapering to the hologram edge.

The input field in the synthesis is the simulated radiation pattern of the
corrugated feed horn with a Gaussian beam with —30 dB half-beam width
is about 30°. The output field amplitude is defined as a Butterworth-type
function

E(p) = — (3.5)

L4 (o' pe)*N

where p’ is the output field aperture coordinate, o/, is the half power (—3
dB) point, and N is the degree of the Butterworth function. The output
field aperture is larger than the hologram (Figure 3.4). The edge illumina-
tion levels at the subreflector (about —27.5 dB) and main reflector (about
—35 dB) edges and also the output field pattern outside the hologram are
found to be important in reducing diffraction ripples in the hologram illu-
mination.

The —1 dB beam-width should be as large as possible because it effec-
tively determines the QZ diameter. The difference between the synthesis
objective and the PO simulated beam is increasing as a function of the
attempted beam-width of the synthesis objective field. It was found that
by optimising the phase pattern of the output field synthesis objective the
realisable beam-width can be increased.

A 3-D model of the designed 650 GHz DRFS structure is illustrated in
Figure 3.7. The simulation results are presented in [I, II]. The simu-
lated DRF'S beam corresponds well to the desired hologram illumination.
The simulated amplitude ripple is 0.45 dB peak-to-peak, phase deviation
from spherical wave is 5° peak-to-peak, the hologram edge illumination is
under —10 dB, and the cross-polarisation level is —21 dB at maximum.

The designed 650 GHz DRFS has a wider beam and better beam qual-
ity than the 310 GHz DRFS [12] despite the higher frequency. The most
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Figure 3.7. A 3-D model of the 650 GHz DRFS structure. [25]

important reasons for this are the optimisation of the synthesis objective
phase pattern and the lower reflector edge illumination levels. Edge illu-
minations were chosen to be —27.5 dB and —35 dB, for the subreflector and
main reflector, respectively, instead of the —15 dB for both reflectors in the
310 GHz DRFS design [12]. In the 310 GHz DRFS design the parameters
of the Butterworth function (3.5) were N = 5 and p. = 70% of the holo-
gram radius [12] and with the 650 GHz DRFS the same parameters are
N =10.7 and p. ~ 85% of the hologram radius. The wider beam would not
have been possible without optimisation of the synthesis objective phase

pattern.

3.5 Testing of a 650 GHz dual reflector feed system

The 650 GHz DRFS is measured by near-field scanning with a planar
scanner in [II]. The measurement is done to ensure that the DRFS is
designed and manufactured successfully.

The most significant phase measurement error source in a submillime-
tre wave planar near-field measurement is the scanner planarity [72]. Us-
ing the usual phase measurement error correction techniques results in
a phase pattern result that depends on which area of the scanning plane
is used. Measured phase deviation results in Figure 3.8, after drift cor-
rection with tie-scans and planarity error correction based on measured
planarity data, show that the phase measurement accuracy is not good
enough with the standard techniques. In [II], a planarity error correc-

tion technique, in which a corrected scanner planarity data are calculated
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Figure 3.8. Measured 650 GHz phase deviation from a spherical wave front with pla-
narity correction based on the laser tracker using different areas of the scan-
ning plane; a) — i) offsets (z, y) of the measurement areas. Location of the
focal point is calculated separately for each of these measurements. [25]

from measured phase patterns with partially overlapping scanning areas,
is used. The main disadvantage of this method is that it requires several
measurements, but it enables meaningful comparison to the simulated
pattern.

The measured —1 dB beam-width and hologram edge illumination level
corresponds well to the simulated one. The measured cross-polarisation
level is about —14 dB. The measured ripples in the central region of the
beam are about +0.8 dB peak-to-peak and about +15° peak-to-peak in
amplitude and phase deviation, respectively. Although these measured
ripples are larger than the simulated, the field quality is considered good

enough.

3.6 Antenna tests at 650 GHz

A 650 GHz hologram-based CATR is designed, constructed, and used to
test a 1.5-m diameter antenna in [III]. The DRFS designed in [I] and
tested in [II] is used to provide the desired modified illumination for the

hologram. Before the antenna tests the QZ was measured and optimised.
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The antenna under test is a single parabolic offset reflector ADMIRALS
RTO [41,45,65,73].

The location and orientation of the DRF'S is optimised based on QZ mea-
surements for the best possible QZ quality. The QZ field is probed by plac-
ing the receiver on a plane polar scanner positioned on top of the antenna
positioner prior to the antenna tests. The planarity of the scanner is mea-
sured with a tracking laser interferometer. The QZ size corresponds well
to the designed value. In the region of the AUT, the measured field devia-
tions are 3 dB and 270° peak-to-peak in amplitude and phase, respectively.
The main reason for the large scale phase deviations is considered to be
uneven stretching of the hologram. Due to insufficient QZ scanner pla-
narity and repeatability, accurate analysis of the QZ field quality is not
possible and effects on the antenna measurement results cannot be esti-
mated reliably.

The RTO is measured traditionally by rotating the AUT in the QZ and
also by range feed scanning. With the feed scanning technique the main
beam region is measured by moving the DRFS, i.e. by tilting the QZ
phase. The measured patterns are similar with both methods. Large field
cuts are measured by rotating the AUT. Spurious side lobes are identified
and corrected using feed scanning antenna pattern comparison technique
(APC). Also, the cross-polarisation pattern is measured. The measured
cross-polarisation maximum of —24 dB, clearly higher than the simulated
—35 dB, is most likely caused by the relatively high QZ cross-polarisation
level of about —25 dB.

The measured pattern is compared to a simulated pattern. The RTO is
simulated with PO and PTD using physically measured reflector surface
data. The measured and the simulated radiation patterns agree reason-
ably well to each other. Comparison of measured and simulated E-plane
cuts are presented in Figure 3.9. The differences between the measured
and simulated patterns are caused by the non-ideal QZ field and the in-
accuracies of the simulation model (probably more due to the non-ideal
QZ phase because of the higher peak-to-peak deviations in the QZ com-
pared to the estimated aperture phase pattern uncertainty in the RTO
simulation [III]). These antenna tests show the potential usability of
hologram-based CATR for antenna tests at submillimetre wavelengths.

The RTO was tested previously at 322 GHz in a hologram-based CATR
[40,41]. In comparison, in the 650 GHz tests the main differences were

the higher frequency and QZ phase measurement accuracy. Due to the
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Figure 3.9. Measured E-plane cut (black), the simulated E-plane cut of the RTO (gray),
and the simulated E-plane cut of an ideal paraboloid of same size (gray dash).
[1IT]

higher frequency the mechanical accuracies of the QZ scanner and the
hologram are more critical as the scanner planarity, scanner planarity
measurement, hologram pattern, antenna surface shape, etc. have ac-
curacy requirement directly relative to the wavelength. In the tests at
322 GHz [41], the QZ scanner planarity, repeatability, and the planarity
measurement accuracy compared to the wavelength were sufficient to en-
able good estimation of the effects of the non-ideal QZ field on the mea-

sured pattern.

3.7 Discussion and future work

The design and test results of the 650 GHz DRFS show that the synthesis
method is well suited for designing a feed system for a CATR. One possible
improvement in future would be to include accurately measured radiation
pattern of the feed horn in the DRF'S design.

The antenna tests at 650 GHz showed that the hologram-based CATR
has good potential for antenna tests at submillimetre wavelengths. The
main problems in the conducted measurement campaign can be identi-
fied as insufficient scanner planarity in the QZ measurement, hologram
stretching affecting the QZ phase, and the relatively high cross-polarisa-
tion level in the QZ. The QZ scanner repeatability problem could be solved
by conducting the planarity scanning and QZ measurements simultane-

ously. Improvement of the QZ cross-polarisation level could be achieved
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by designing the feed system and the hologram together. It might be pos-
sible to design a compensated range similarly as what is common with

reflector-based CATRs.
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4. Beam-steering integrated lens
antennas (ILAs)

In an integrated lens antenna (ILA), a feed antenna is integrated into di-
rect contact with a rotationally symmetric dielectric lens [28,29, 74, 75].
Another name for ILA is a substrate lens [74,75]. As the feed is integrated
into direct contact with the lens, it offers mechanical rigidity, thermal sta-
bility, elimination of substrate modes, and good coupling to the lens. The
lens has an elliptical, e.g. [30,33,76-80], [VI,VIL, X, XI], or a hemispherical,
e.g. [7,26,28,29,76,81-83], [IV-IX], surface that collimates the radiation
from the feed. Electrical beam steering is possible with a feed array and a
switching network [82,83], [V,VII]. ILA and the beam-steering principle
are illustrated in Figure 4.1. Only one of the feed elements is used at the
time and the direction of the main beam depends on the location of the
active feed element.

Beam-steering ILAs are studied and developed in this thesis [IV-XI].
The work is focused on demonstrating electrical beam-steering [V,VII],
improvement of beam properties with large beam-steering angles [VI,VII,

IX], comparison of different lens permittivities with different feed ele-

/ Collimating
[~ part

Cylindrical
L extension part

Feed offset \ Planar feed array

Figure 4.1. Typical ILA geometry and an illustration of the beam-steering principle.
Feed offset is defined as the feed element distance from the rotational sym-
metry axis of the lens. [XI]
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ment directivities [IV,VI,VIII, IX XI], and reduction of internal reflections
[VIII-XI]. Several prototypes are manufactured and tested with antenna
measurements at 77 GHz [V,VII-X].

Possible applications that are considered for the developed ILAs are ei-
ther a beam-steering link antenna for E-band (71 GHz — 86 GHz) telecom-
munication applications or perhaps an automotive radar antenna (77 GHz
— 81 GHz). In principle, a beam-steering ILA can be used to provide the
desired electrical beam steering with a narrow diffraction limited beam.

The ILAs are designed and analysed with ray-tracing simulations. The
ray-tracing lens simulations are introduced in Section 4.1. Conventional
ILAs and electrical beam-steering demonstration with an extended hemi-
spherical Teflon lens are presented in Section 4.2. Methods aiming at
improving the beam-steering properties with large offsets are discussed
in Section 4.3. Lens shaping methods are developed for reducing harmful

internal reflections in Section 4.4.

4.1 ILA simulation with ray-tracing

Electrically large ILAs are commonly simulated using ray tracing, e.g.
[7,26,28-30,33], [[V-XI]. The fields outside the lens are calculated us-
ing ray tracing from the feed. The far-field is solved from the near-field
of the lens using Huygens’ method, i.e., aperture integration of equiva-
lent surface currents. Ray-tracing uses Snell’s law on the lens surface
and the power conservation law inside elementary ray tubes. Sometimes
this method is called geometrical optics (GO) and physical optics (PO), or
GO/PO-method, e.g., in [7].

The feed is modelled as a point source located at the phase centre. The
feed antenna far-field radiation pattern is used to determine the initial
values for the fields along the rays. The feed radiation pattern is typically
a simulated far-field pattern into a half-space filled with the lens material,
e.g.,in [7,26,26,28,29], [V,VIL,VIIL,X,XI]. It is also possible to define the
feed radiation pattern with some simple equation [30], [IV,VI-IX XI].

The total power in different field components are calculated as the sum
of the powers in all of the ray tubes. The total power radiated from the
feed into the lens P, reflected Py, spillover P;,;;, and dielectric loss
Py are compared to calculate different loss factors. The reflection loss is
defined as

Lyepr =10 -10g1(Prot/ (Prot — Pregt))- (4.1)
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Py is the total power leaking out from the extension part of the lens.

Spillover loss is defined as
Lspill =10- 10g10(Ptot/(Ptot - Pspill))~ (42)

The dielectric loss Py;.; is the power loss due to dielectric loss between the

feed and the lens surface. Dielectric loss is defined as
Lgier = 10 - logyo(Prot/ (Piot — Paser))- (4.3)

The reflected rays can be traced and the effects of the reflections to the far-
field can be calculated as, e.g., in [26,30],[V]. Ray tracing does not accu-
rately reproduce specific side-lobes but can be used to predict the general
side-lobe level increase due to the reflections [26]. In this thesis, the re-
flections are analysed only by considering the reflection loss (except in [V])
for two reasons. Simulating the effects of the internal reflection does not
reduce those effects. It is considered more important to reduce L,.y;. The
second reason is that in simulation the reflections take a lot of computing
time and, therefore, the main advantage of simple and fast ray-tracing
simulation is at least partly lost.

Once the rays and fields have been calculated outside the lens, the far-
field is solved with Huygens’ method, i.e., aperture integration of equiva-
lent surface currents. The equivalent electric .J; and magnetic M, surface
currents are

Js=nxH (4.4)
M,=-nxFE, (4.5)

where 7 is the integration surface normal vector. Effectively, only the tan-
gential components of the electric £ and magnetic H fields are used. The
equivalent surface currents replace the original antenna problem and the
field outside the lens is integrated from the currents. Typically, the far-
field is calculated from equivalent surface currents on the lens surface,
e.g. [26,28-30] , [IX,XI]. In [IV-VIILX], the equivalent currents are cal-
culated on a surface that is perpendicular to the rays (Figure 4.2) and the
fields are tangential to the aperture surface. Therefore, it is not necessary
to calculate the projection to the surface. Using the different integration
surfaces result in slightly different radiation patterns. In principle, the
integration surface can be chosen to be any surface, on which it is conve-
nient to make assumptions regarding the field values [35].

Ray illustration of Teflon (¢, = 2.1) and silicon (¢, = 11.7) lenses are

presented in Figure 4.2. Similar ray illustrations are used in [IV-XI].
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Figure 4.2. Rays in a) Teflon (¢, = 2.1) and b) silicon (¢, = 11.7) lenses with the optimised
extension lengths. Yellow rays are totally reflected. The red line outside the
lens is the optional integration surface that is perpendicular to the rays. [IV]

The internal reflections are known to cause high side-lobes, increased
cross-polarisation level, effects on input impedance of the feed, and mu-
tual coupling [26, 30, 77-79], [V,VII-XI]. With offset feeds the reflection
loss can be close to 50% or even more and it is mostly due to total reflec-
tions. Methods for reducing the reflections by lens shaping developed in
this thesis are discussed in Section 4.4. The reduction of internal reflec-
tions is mainly based on reduction of total reflections at the lens extension
[VILXI]. Therefore these fields get out from the lens and become part of
spillover loss. Total loss does not change and, therefore, the antenna gain
is not improved.

The directivity and total losses, i.e., gain, depends mostly on the lens
shape, feed element directivity, and feed offset. Properties of ILAs with a
wide range of different lens permittivities and feed element directivities
are studied with the conventional and with the proposed lens designs [IV—
XI1.

4.2 Conventional ILAs

In [IV], large extended hemispherical ILAs are compared with ray-tracing
simulations. Different lens permittivities (¢, = 2.1, 3.8, and 11.7) are com-
pared. The simulations are done for a 100 mm diameter antennas at 77
GHz. A simplified feed radiation pattern is used that enables a simple

control of the feed element directivity. The feed radiation pattern is con-
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sidered to be a point source with an amplitude pattern of
[E(6,0)| = cos™M(0), 0<60<90°, 0<¢<360° (4.6)

at the main polarisation of Ludwig’s second definition of polarisation [84].
The directivity of the feed element is varied with the parameter N. The
same simplified feed radiation pattern is used in [TV,VI-IX XI].

The cylindrical part of the lens is called an extension (Figure 4.1). The
extension length for different lens materials is optimised for maximum
directivity. The extension length that gives the maximum directivity does
not depend on the feed directivity. The field leaking out from the extension
increase the side-lobe level and decrease the directivity.

It is found that the reflection loss is high with medium feed directivities
with any extended hemispherical lens with any lens material. Lower ref-
lection losses are possible with 1) low permittivity lens with low directiv-
ity feed, 2) medium or 3) high permittivity lens and high feed directivity.
Beam-steering properties are studied with the optimum extension lengths
and selected feed directivities as a function of the feed offset. The half-
power beam-width, reflection loss, and maximum beam-steering angle
(limited by reflection loss) are nearly identical for all three options. With
low permittivity lens the required feed element spacing is the largest,
thus the mutual coupling between the feed elements is expected to be the

lowest.

4.2.1 Electrical beam-steering demonstration

In [V], a 100-mm diameter extended hemispherical Teflon (¢, = 2.1) lens
and an 8-element patch antenna array on low temperature co-fired ce-
ramic (LTCC) is fabricated and tested at 77 GHz. Switching array with
one SPDT-type switch and two SP4T-type switches are used to select the
active feed element. The lens dimensions are chosen based on [IV]. Ra-
diation patterns are measured with planar near field measurements.

The feed antennas are in a linear configuration in the H-plane direction
with a pitch of 3 mm. The beam-width is about 2° for the on-axis feed
and about 2.5° for the 21 mm off-axis position. The measured radiation
patterns clearly demonstrate the beam steering. Measured and simulated
radiation patterns are compared with feed element offsets of 0 mm and 21

mm in Figure 4.3.
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4.3 Performance improvement for large beam-steering angles

With large feed offsets from the optical focus of the lens, i.e., large beam-
steering angles, the focusing properties deteriorate and losses increase.
Methods aiming at improving the beam-steering properties with large off-
sets are discussed in this section. Two different approaches for improving

the performance with large beam-steering angles are presented in [VI,
VII] and [IX].

4.3.1 Optimised eccentricity lens

With low permittivity lens materials, conventional integrated lens types,
i.e. extended hemispherical and the elliptical lenses, have different beam-
steering characteristics. In [VI], the role of the lens eccentricity is studied
with ray-tracing simulations. The eccentricity of the collimating part of

an elliptical (or an extended hemispherical) ILA is defined as

e=14/1—(b/a)?, (4.7)

where a is the semimajor axis of the ellipse and b is the semiminor axis
of the ellipse, i.e., the radius of the lens. The conventional elliptical ILA
has ¢ = (¢,)~!/2, and its extension length L equals ¢ - a. The extended
hemispherical lens has eccentricity of 0.

Lenses with different eccentricities are simulated and compared. The
extension length is optimised for each eccentricity. It is found that the
optimal eccentricity for a Rexolite ILA (s, = 2.53) is an intermediate value
of about 0.78 times the eccentricity of a conventional elliptical lens. With
the intermediate eccentricity, directivity is nearly constant up to large

beam-steering angles (> 20°).

oF----q-- L S B Sim., no offset
------ Sim., 21 mm offset
i Meas., no offset
Sr----a-- 7 114 ——Meas., 21 mm offset

Normalised radiation pattern (dB)

2044 HHs

251k -9

Mo 20 40 0 10 20 30
H-plane (deg)

Figure 4.3. Normalised measured and simulated radiation patterns. The feed element
offsets are 0 mm and 21 mm. [V]
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Figure 4.4. Photographs of the LTCC feed array attached to a circuit-board and the de-
signed 100-mm diameter Rexolite lens. [VII]

In [VII], an optimised eccentricity Rexolite (¢, = 2.53, tan § = 0.0013
in W-band [85]) lens and an 8-element feed array on LTCC is made and
tested at 77 GHz. Photograph of the lens and the feed array is presented
in Figure 4.4. Scan loss, main-beam width and direction, side-lobe levels,
directivity, and cross-polarisation are analysed in detail with both simu-
lations and radiation pattern measurements.

The measured half-power beam-width at 77 GHz is 2.5° £+ 0.2° up to
the largest tested beam-steering angle of 30°. The low permittivity lens
with the optimised eccentricity results in a smaller scan loss than the
conventional lenses.

Because of the internal reflections, the side-lobes and cross-polarisation
level outside the main-beam region increase compared to those simulated
without the reflected fields. However, these results show that the lens
shape can be optimised with ray-tracing simulations provided that the
reflection losses are also taken into account in the comparison of different

lens shapes.

4.3.2 Lens with feeds on a spherical surface

In [IX], an extended hemispherical ILA is presented with the feed an-
tennas placed on a spherical surface instead of the conventional planar
one. As the feeds are on the spherical surface, with the radius equal to
the extension length, the lens geometry becomes symmetrical and results
in a very low scan loss. A prototype is tested at 77 GHz. The designed
lens prototype is based on the 100-mm diameter extended hemispherical
Teflon lens [V]. Later, the internal reflections were reduced by shaping
the extension [VIII] (Section 4.4.1), and an absorber was placed around
the shaped extension to capture the spillover fields [X]. The lens is illus-
trated in Figure 4.5.
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«—>
offset x [mm]
e [ 0]

Figure 4.5. An illustration of the beam-steering principle with an integrated lens an-
tenna with feeds on spherical or planar surface (lhs.). Photograph of the
Teflon lens used in the measurements (rhs.). One side of the bottom of the
lens was modified to enable measurement of feed positions on a spherical
surface. [IX]

The measurement results in [IX] show that the gain is within 1 dB up
to about 25°. Also, the beam shape is nearly equal and side-lobe levels are
low.

Lenses with relative permittivities from 2 to 12 are compared with ray-
tracing simulations. Small scan loss is possible with any permittivity and
any feed directivity up to about 25°. The main differences are found to be
lower gain with low-permittivity lenses, shorter distance between the feed
elements with the high-permittivity lenses, and greater degree of freedom
to design the shape of the extension for minimised reflections with low

permittivity lens.

4.4 Reduction of internal reflections

Methods for reducing the reflections by lens shaping developed in this
thesis are discussed in this section. Reflections can also be reduced by
covering the lens with a matching layer (not effective against total reflec-
tions as the critical angle for total reflections remains the same), by using
very high directivity feed elements (lower efficiency due to only a small
part of the aperture is illuminated and not practical for feed arrays where
the feed elements are close to each other), lens material with high dielec-
tric losses (increasing losses), or by using lower extension length (does not

produce diffraction limited beams).

4.4.1 Extension shaping of low permittivity ILA

With low permittivity extended hemispherical ILA most of the reflection

loss comes from total reflections at the extension. In [VIII] it is proposed
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Figure 4.6. The design principle of the proposed method for reduction of internal reflec-
tions. The lens shape between the feed array and the collimating surface is
designed for minimal total reflections. [VIII]

that the shape of the extension can be designed for minimising total re-
flections. The design principle is illustrated in Figure 4.6.

The Teflon lens from [V] is used to demonstrate the reduction of internal
reflections. New extension shape is designed (Figure 4.5). It is shown with
ray-tracing simulations that the reflection loss is low with the shaped ex-
tension. It is shown with measurements that the reflected power coming
back to the bottom of the lens is decreased and with large feed offsets the
side lobes are lower. The side-lobe levels in general remain the same.

In [IX,X], absorber is placed around the shaped extension of the Teflon
lens designed in [VIII]. Because of the shaped extension, the fields that
go to the extension are directed out from the extension in a controlled
manner, instead of a strong total reflection that produces the high side
lobes. As the spillover field goes to the absorber, it is possible to have low

side-lobe levels even with feed offsets.

4.4.2 Lens shaping of elliptical ILA

In [XI], a lens shaping principle is presented that can be used to design
an elliptical ILA with low reflection loss, with moderate beam-steering
angles, using any relative permittivity of the lens and any feed element
directivity. The design principle is illustrated in Figure 4.7. Only a radius
of R < b of the ellipse is used and the rest of the lens is shaped in order
to avoid total reflections and absorber is placed around the extension to
capture the spillover field.

An elliptical Rexolite ILA, designed based on principles presented in

[XT], is tested with antenna measurements at 77 GHz in [X] and compared
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Figure 4.7. Illustration of conventional lens (a)-(c) and proposed method for reduction of
internal reflections (d)-(e). [IX]

to ray-tracing and FDTD simulations [X,XI]. The designed lens has low
reflection loss and low side-lobe levels. It is shown that with a good lens,
i.e. when reflections are minimised, the accuracy of ray-tracing simu-
lation is also good. In addition, ILA for two-dimensional beam-steering
with a non-symmetrical beam is studied and compared to the rotationally
symmetric lens [X].

In [XT], the shaped elliptical ILAs with different lens permittivities and
feed element directivities are compared with ray-tracing simulations ba-
sed on reflection loss, lens shape, gain, directivity, beam-width, and the re-
sulting distance between the feed elements. Simulation results are given
for 20 x A\g-diameter ILAs designed for a beam-steering range of approx-
imately £15°. Low reflection loss (L,.;; < 1 dB) is easily achieved with
low and medium lens permittivities without any matching layer. A high-
permittivity lens requires larger b/R and a matching layer to the exten-
sion. Higher gain is achieved with higher feed directivities and higher
lens permittivities, mostly due to differences in spillover losses. On the
other hand, the distance between the feed elements is smaller with higher
lens permittivities. Especially with high directivity feeds, the distance be-
tween the feed elements is very small compared to the diameter of the feed

element effective area.

4.5 Discussion and future work

The next step is to design and test an ILA with two-dimensional beam-
steering. Plans have been done for a 64-beam electrical beam-steering
antenna system. The idea of placing the feed elements on a spherical
surface of a extended hemispherical lens will be further studied and feed

arrays will be studied.
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The advantages and disadvantages of low and high permittivity lenses
are studied in this thesis. The most important open question is how the ef-
fects of mutual coupling between the closely spaced feed elements depend

on the feed element directivity and resulting spillover losses.
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5. Summary of articles

Publication I: “Design of a 650 GHz dual reflector feed system for
a hologram-based CATR”

The 650 GHz dual reflector feed system (DRFS) is designed. The antenna
parameters are optimised with ray-tracing synthesis method and simula-
tions with physical optics. Low levels of simulated amplitude and phase
ripples are achieved for the hologram illumination field. The key factors
are found to be minimised edge illumination, proper selection of the de-
sired output field amplitude, and optimisation of the output field phase

pattern in the synthesis.

Publication II: “Antenna measurement at 650 GHz with a planar
near-field scanner”

In this publication the 650 GHz DRFS is tested with near-field antenna
measurements. Planarity error compensation technique is used enabling
correction to the measured phase without accurate pre-existing informa-
tion of the planarity error of the planar near-field scanner. It is concluded
that the 650 GHz DRFS has been successfully designed and manufac-

tured.

Publication III: “Antenna tests with a hologram-based CATR at
650 GHz”

A hologram-based compact antenna test range (CATR) is designed, con-
structed, and used to test a 1.5-m antenna at 650 GHz. A 3.16-m diameter
hologram and a dual reflector feed system (DRFS) are designed and con-
structed for these measurements. The DRFS, designed in [I] and tested
in [II], is used successfully in a full scale compact range to provide a modi-

fied illumination for the hologram. The measured radiation patterns of
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the antenna under test agree reasonably well with the simulated ones.
The hologram-based CATR and the results of the antenna tests at 650
GHz presented in this paper show that a hologram-based CATR can be

used for testing large antennas at submillimetre wavelengths.

Publication IV: “A study of extended hemispherical lenses for a
high-gain beam-steering antenna”

Large extended hemispherical integrated lens antennas (ILAs) with dif-
ferent permittivities are compared with ray-tracing simulations. It is
shown how the directivity and the power coupling to internal reflections,
i.e., the reflection loss, depend on the lens permittivity, the feed element
directivity, and the beam-steering angle. The most promising combina-

tions of lens permittivity and feed directivity are reported.

Publication V: “Mm-wave lens antenna with an integrated LTCC
feed array for beam steering”

Electrical beam steering is demonstrated using a large Teflon extended
hemispherical ILA. An 8-element patch feed antenna array with a switch-
ing network is designed and manufactured with low temperature co-fired
ceramic (LTCC) technology. Beam steering is tested with radiation pat-

tern measurements at 77 GHz.

Publication VI: “Optimal eccentricity of a low permittivity
integrated lens for a high-gain beam-steering antenna”

The role of eccentricity of the collimating part of a low-permittivity ILA
for beam-steering is studied with ray-tracing simulations. Considering
the resulting compromise between reflection loss, directivity, and beam-
width, the optimal eccentricity is concluded to be an intermediate value
between those of the conventional extended hemispherical and the ellip-

tical lenses.

Publication VII: “Using optimized eccentricity Rexolite lens for
electrical beam steering with integrated aperture coupled patch
array”

An optimised eccentricity Rexolite ILA is made and tested. An 8-element
aperture coupled patch antenna feed array with a switching network is

integrated in LTCC. The lens shape is optimised in [VI] for improved
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beam-steering properties for a large angular range. The designed opti-
mised eccentricity lens is compared with simulations to the conventional
extended hemispherical and elliptical lenses. It is shown that the opti-
mised eccentricity lens results in smaller scan loss than the conventional
low permittivity lenses. The lens is tested with the LTCC feed array at
77 GHz. The beam-steering properties, including scan loss, main-beam
width and direction, side-lobe levels, directivity, and cross-polarisation

are analysed in detail.

Publication VIII: “Reduction of internal reflections in low
permittivity integrated lens antennas”

In this paper, a new and simple method, which significantly reduces the
internal reflections in a low permittivity ILA for beam-steering is pro-
posed. The method is based on designing the lens extension for mini-
mal reflections instead of using the conventional cylindrical extension. A
shaped extension is designed for the extended hemispherical Teflon lens
presented in [V] and analysed with ray-tracing simulations and antenna
measurements. Simulations and measurements show that the internal
reflections are significantly reduced with the designed shaped extension

compared to the original conventional cylindrical extension.

Publication IX: “Extended hemispherical integrated lens
antenna with feeds on a spherical surface”

A prototype ILA is presented and demonstrated to exhibit low scan loss
and low side-lobe levels with larger beam-steering angles than in case of a
conventional lens design. The lens is based on the extended hemispherical
Teflon lens presented in [VIII], with the difference that the feed elements
are placed on a spherical surface, instead of a conventional planar one.
This results in a symmetric design and nearly identical beams up to about
20° — 25° beam steering angles. The proposed lens design is also studied

with ray-tracing simulations for different lens permittivities.

Publication X: “2D beam-steering with non-symmetrical beam
using non-symmetrical integrated lens antenna”

An integrated lens antenna design allowing two-dimensional beam-stee-
ring with a non-symmetrical beam with low reflection losses and low side-

lobe levels is proposed. Prototypes are designed and tested with antenna
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measurements.

Publication XI: “Reduction of internal reflections in integrated
lens antennas for beam-steering”

The method for reducing the internal reflections in ILAs introduced in
[VIII] is generalised for any lens permittivity. ILAs with wide ranges of
realistic relative permittivity of the lens and of the feed element direc-
tivity are designed with ray-tracing simulations. It is shown that with
any permittivity and with any feed directivity it is possible to design the
lens shape in such a way that, for moderate beam-steering angles, the ref-
lection loss is low without resorting to a complicated matching layer. The
effects of the antenna parameters on the reflection loss, gain, and on the

distance between the feed elements are presented and analysed in detail.
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6. Conclusions

In this thesis, ray tracing is used in designing millimetre and submil-
limetre wave antennas. Ray tracing is used both in antenna synthesis as
well as in antenna simulations. Several antennas are designed and tested
with antenna measurements. This thesis consists of two parts. In the first
part, a 650 GHz dual reflector feed system (DRFS) is designed, tested, and
used in a hologram-based compact antenna test range (CATR). The sec-
ond part focuses on the design of electrically beam-steerable millimetre
wave integrated lens antennas (ILAs).

The 650 GHz DRFS is designed using ray-tracing based synthesis met-
hod. The DRFS is used in a hologram-based CATR to provide the desired
modified illumination. The feed system is tested with planar near-field
measurements. The 650 GHz hologram-based CATR is designed, con-
structed, and used to test a 1.5-m diameter antenna.

In the second part of this thesis, several beam-steering ILAs are de-
signed. Two ILAs with integrated feed arrays and switching networks
are used to demonstrate electrical beam steering at 77 GHz. The work
focuses on improving the beam-steering properties of the ILAs and on the
reduction of the unwanted high side-lobes caused by internal reflections.
Several low permittivity ILAs are designed and tested with antenna mea-
surements. Furthermore, different lens permittivities and feed element
directivities are studied and compared using ray-tracing simulations.

Typically, at large beam-steering angles the gain of an ILA decreases. In
this thesis, the eccentricity of a low-permittivity ILA is optimised aiming
for improvement of the beam properties for large beam-steering angles.
It is shown that by placing the feeds of an extended hemispherical lens
on a spherical surface it is possible to have very low scan loss up to large
beam-steering angles.

Simple and effective lens shaping method is developed. The method can
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be used to design ILA with small reflection loss. Furthermore, it is shown
with ray-tracing simulations that it is possible to design an ILA with low
reflection loss using any lens permittivity and any feed element direc-
tivity. Low permittivity extended hemispherical and elliptical ILAs are
designed, fabricated, and used to demonstrate good beam-steering prop-

erties with low side-lobes.
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Errata

Publication VIII

In Section IV.A the largest feed offset of port 1 is 40 mm, not 45 mm.

Publication XI

In Section 4 Asyp/de min should read Asyp/de maz-
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The millimetre and submillimetre wave
frequency ranges have many current and
potential applications for example in
satellite technology and
telecommunications. This thesis
contributes to the design of electrically large
reflector and lens antennas using ray
tracing.

In the first part of the thesis, a dual reflector
feed system is designed with a ray-tracing
synthesis method for a hologram-based
compact antenna test range.

In the second part of the thesis, several
beam-steering integrated lens antennas are
designed with ray-tracing based antenna
simulations.

Several antennas are designed and tested
with antenna measurements in order to
study and verify the novel antenna design
methods presented in this thesis.
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