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1 Introduction

1.1 Background

Sub-millimetre waves (300 GHz — 3 THz), or the THz-frequencies as they are also often
called, have important applications in astronomy, space science, remote sensing, limb
sounding, and in imaging for security applications. These applications require an antenna for
receiving the sub-millimetre waves and many of the applications are best suited for
spaceborne instruments as many of the interesting molecules (H,O, O,, Os, etc.) are most
abundant in the Earth’s atmosphere making. The observation of spectral lines originating from
extraterrestrial sources inside the atmosphere are impossible inside the atmosphere because of
the high atmospheric attenuation. Examples of scientific satellite projects of the European
Space Agency (ESA) scheduled to be launched in the near future include Herschel (formerly
FIRST) and Planck, which both have large sub-mm wavelength antennas. Planned remote
sensing instruments for the future with sub-mm wavelength antennas include for example
Submillimeter Observation of Processes in the Atmosphere Noteworthy for Ozone
(SOPRANO).

The sub-millimetre wavelength antennas, as all antennas, should be tested with measurements
of the antenna properties to ensure that no significant design or manufacturing errors have
occured. This is especially important in highly expensive space missions as normally the
antenna cannot be repaired or replaced after the launch. Accurate antenna pattern
measurements of electrically large sub-mm wavelength antennas and reliable antenna testing
are very demanding. Currently, no large-scale antenna measurement facilities exist for short
sub-millimetre wavelengths and there is a great need to develop and improve the
measurement techniques and facilities.

In the Radio Laboratory of Helsinki University of Technology (TKK), a compact antenna test
range (CATR) based on a hologram was invented in the early 1990°s and it has been since
applied at sub-millimetre wavelengths also. The main advantage of using a hologram as the
collimating element in a CATR is the inexpensive and relatively simple manufacturing of the
hologram; the hologram pattern can be etched on a metal-plated dielectric film using
photolithography. The hologram manufacturing is relatively simple as high accuracy is only
needed in the two-dimensional pattern instead of in three-dimensions as in the case of the
reflectors conventionally used in CATRs. The CATR based on a hologram is a highly
promising technique for sub-mm wavelength antenna measurements and testing.

16



1.2 Objectives and scope of the research

The main objectives of the research resulting into this doctoral thesis has been to improve
further the hologram based compact antenna test range for sub-millimetre wave antenna
testing, to investigate and develop sub-millimetre wavelength antenna measurement
techniques and to develop the necessary methods and other means to carry out this research.
In addition, the aim is to demonstrate the applicability of the hologram CATR for practical
sub-mm wavelength antenna tests.

Although the hologram has many advantages in CATR applications, it has also disadvantages.
The main challenge in the development of the hologram CATR has been the accurate
manufacturing of large holograms up to several metres in diameter. In addition, the holograms
have operated at only one polarisation (linear vertical) and the cross-polarisation level has
also been relatively high for testing antennas with low cross-polarisation levels. The aim of
the research is to improve these features in the hologram CATR.

To achieve these improvements a shaped hologram illumination is needed and the objective of
the research is to develop a dual reflector feed system for providing the shaped hologram
illumination. In addition, the aim is to study the causes of the undesired properties of the
hologram and to find means to improve them by increasing the knowledge on the hologram at
sub-millimetre wavelengths. The measurement accuracy of a planar near-field scanner is
improved for extending the usability of an existing microwave scanner for sub-mm
wavelengths and to allow accurate testing of the holograms and the developed dual reflector
feed system.

1.3 Scientific contribution

The main scientific contributions of this doctoral thesis are the following:

1) The development of a ray-tracing based synthesis procedure for shaped dual reflectors. The
procedure is a significantly modified version of the previously published methods making it
especially suitable for designing a dual reflector feed system for sub-mm wavelength
hologrames.

i1) Designing of a dual reflector feed system (DRFS) consisting of two shaped hyperboloid
reflectors that radiates a shaped diverging beam. This is a novel type of a reflector feed at sub-
millimetre waves.

iii) The improvement of the hologram performance for CATR applications. The shaped
hologram illumination allows the holograms to operate better also at the horizontal linear
polarisation and facilitates the hologram manufacturing by simplifying the etching of the
hologram patterns. The improvements have been verified experimentally with near-field
measurements.

iv) Improved measurement accuracy in sub-millimetre wavelength planar near-field
measurements. The investigation of the measurement errors allows reduction of the
measurement uncertainty and the extension of the frequency range of an existing microwave
near-field scanner for antenna testing at higher frequencies.
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v) Increased knowledge and understanding of the sub-millimetre wavelength hologram
operation. The measurements of the holograms carried out and the analysis of the results
provide new information helping the design of the holograms and the development of the
hologram CATR.

vi) The demonstration of the applicability of the hologram CATR for sub-millimetre
wavelength antenna testing. The antenna test campaign and the associated research carried out
prior to it demonstrate the capability to perform antenna testing at sub-millimetre wavelengths
in a hologram based CATR specially constructed for the tests in question.

vii) Analysis of the operation of the 1.5 m reflector antenna under test at the frequency of 322
GHz based on the radiation pattern measurements and simulations. Based on this analysis, it
can be concluded that two-dimensional contour maps of the antenna pattern should be
measured to fully understand the antenna operation at sub-millimetre wavelengths.

The main results of this thesis have been published in scientific journals [O1-0O4], and in total
the author of this thesis has authored and co-authored over 65 conference and journal
publications on the topics of this thesis and related topics. The international publications
include [O1-0O52].

1.4 Contents of the thesis

The first part of this thesis covers the theoretical back-ground of the physical phenomena
related to the issues investigated in this thesis and the methods used. In Chapter 2, basic
reflector antennas are described with emphasis on the analysis methods for the reflector
antenna radiation. The reflector antenna synthesis methods described in the literature are also
reviewed. Chapter 3 discusses the sub-millimetre wavelength antenna measurement
techniques and describes the radiation properties of the antennas.

The second part of thesis describes the developed ray-tracing based synthesis procedure for
shaped dual reflector antennas and its use on designing a dual reflector feed system (DRFS)
for a hologram CATR. Chapter 4 contains the description of the synthesis procedure and an
analysis on the accuracy of the procedure. In Chapter 5, the design of the DRFS is discussed
and the designed antenna structure is described. In addition, the simulation and measurement
results for the DRFS beam at the frequency of 310 GHz are presented.

In the third part of this thesis, in Chapter 6, the possibilities to improve the hologram
performance in CATRs using the shaped hologram illumination with the DRFS are
investigated. These improvements include the hologram operation at the linear horizontal
polarisation, reduced cross-polarisation level and simplification of the hologram
manufacturing. This investigation is based on quiet-zone field measurements of the test
holograms.

The final part of this thesis deals with sub-millimetre wavelength antenna testing. In Chapter
7, the measurement accuracy with the planar near-field scanner is discussed together with the
improvements and upgrades done to the measurement system. The measurement uncertainties
for phase, amplitude and cross-polarisation level are determined. In addition, error correction
techniques used to reduce the phase measurement uncertainty are described. Chapter 8
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describes the constructed hologram-based CATR for testing a 1.5 m reflector antenna at 322
GHz. The quiet-zone field and antenna measurement results are presented together with the
analysis of the results and with conclusions on the antenna operation. Chapter 9 contains the
conclusions.

1.5 Contribution of the author

This thesis describes the research done mostly by the author: the author developed the
synthesis procedure for the dual reflector feed system (DRFS), wrote the computer programs,
designed the DRFS, performed the GRASP-simulations and the near-field measurements of
the DRFS and test holograms, performed the study on the measurement accuracy of the near-
field scanner and was responsible for most of the improvements to the measurement system
described in Chapter 7. The design and the construction of the hologram CATR, and the
measurements of the 1.5 m antenna described in Chapter 8 were done as a collective team
effort by the hologram research group at TKK. The author participated to this work as a
member of the team. The simulations of the antenna under test and the analysis of the antenna
measurement results were done by the author.

The work was supervised by Professor Antti Riisdnen and in part co-supervised by Professor
Jussi Tuovinen. Dr. Juha Ala-Laurinaho had an advisory role and he was also a co-supervisor
in the work as the instructor in the author’s Master’s and Licentiate thesis, which covered
some parts of this thesis.

The sub-millimetre wave research group has supported the author’s research. Especially,
Tomi Koskinen has designed all the holograms, and done the hologram simulations and
measured the hologram manufacturing errors and analysed their effect on the hologram
performance. He also assisted in some of the hologram measurements. Anne Lonnqvist
assisted in many of the hologram measurements and helped in the construction of the
measurement set-ups. Her help in the using the sub-millimetre wave vector network analyser
was also significant. Dr. Jussi Séily developed and assembled the automated measurement
system allowing computer controlled sub-mm wavelength near-field measurements and he
also developed the cable flexing phase correction system. Dr. Juha Mallat adviced with the
use of the measurement equipment. He had also a general advisory role as the MilliLab Senior
Scientist and his innovation of using an extension arm with the digital feeler pin allowed the
precise alignment of the DRFS in the near-field measurements. Ville Viikari wrote the
computer program for computing the effect of quiet-zone field on the simulated antenna
radiation pattern discussed in Chapter 8 and computed the plane wave spectrum for the quiet-
zone field.

In addition to the above mentioned members of the sub-millimetre research group, the
following undergraduate students (at the time) assisted in the research work: Eero Rinne
tested some algorithms for the DRFS synthesis software and Aleksi Tamminen did additional
DRFS measurements and assisted in the preparations for the polarisation grid measurements.
Most of the mechanical parts were designed and manufactured by Eino Kahra and Henry
Ronnberg.
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2 Reflector antenna analysis and synthesis

An antenna can be defined as a device for radiating and receiving radio waves [1]. Reflector
antenna consists of a primary feed and of a reflector or several reflectors. The reflector
transforms the feed radiation into the radiation of the reflector antenna through reflections.
The opening of the reflector into the free-space, the aperture, can be also considered as the
source of the antenna radiation. Reflector antennas are therefore aperture radiators. Primary
feed in a reflector antenna can be, for example, a horn, a dipole or a microstrip antenna. Horn
antennas are commonly used as feeds at sub-millimetre wavelengths.

2.1 Common reflector antenna types

Reflector antennas are used in terrestrial and satellite communication applications, in radar
applications, and in radio astronomy. Typical uses for reflector antennas include radio links,
satellite broadcasting and reception antennas, and radio telescopes. Reflector antennas are
especially suitable for high-gain narrow beam antennas with low side-lobes. They can also be
used for multiple beams and shaped beams. The reflector surfaces used in reflector antennas
are usually based on conic sections. Paraboloid, ellipsoid and hyperboloid surfaces are
presented in Figure 2.1. Spherical surfaces can also be used in reflector antennas.
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Figure 2.1 Conic sections — a) paraboloid, b) ellipsoid, c) hyperboloid.

A paraboloid reflector collimates the radiation originating from the focus. An ellipsoidal
surface focuses the beam originating from one focus to the other and a hyperboloid reflector
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has a virtual focus behind the reflector from where the radiation from the focus appears to
originate. Paraboloidal antennas are used for narrow beam antennas. Ellipsoidal and
hyperboloidal reflectors are usually used to relocate focal points in quasi-optical systems and
as sub-reflectors for paraboloids. Cylindrical or torus-shaped reflector surfaces can also be
used.

2.1.1 Single reflector antennas

Paraboloid antennas are usually used in applications where high gain is desired. The simplest
antenna structure uses a front-fed paraboloid with the feed in the paraboloid focus. It has the
disadvantage that the feed and its support structure block the antenna aperture. This blockage
reduces the aperture efficiency and antenna gain. In addition, scattering from the feed
structure increases side-lobes in the radiation pattern. Aperture blockage can be avoided by
using an offset feed. However, the offset structure is mechanically more complicated and the
asymmetrical structure causes cross-polarisation. Matched feeds can be used to compensate
the cross-polarisation [2]. Front- and offset fed paraboloid antennas are illustrated in Figure
2.2.

v

Figure 2.2 Front-fed and offset fed paraboloid antennas.

Concave spherical mirrors have been used widely in optics as it is relatively easy to achieve
the accuracy needed in optics with them. Spherical surface focuses the incident radiation from
wide angular region around the direction of the antenna axis onto a caustic surface [3]. This
deviation from a single focal point is called spherical aberration. It can be compensated using
a suitable feed. Spherical reflectors can be used in beam scanning and multiple beam
applications as they allow relatively large angular coverage [4,5].

21



2.1.2 Dual and multi-reflector antennas

A second reflector in a reflector antenna allows improved control of the antenna radiation.
The smaller auxiliary reflector is usually called the sub-reflector and the larger reflector is
called the main reflector. The basic dual paraboloid antennas are based on the optical
telescopes invented in the 17" century by Cassegrain and Gregory. The Cassegrain antenna
has a hyberboloidal sub-reflector, which increases the effective focal length of the system.
Gregorian antennas have an ellipsoidal sub-reflector for decreasing the effective focal length.
The offset versions of these antennas are shown in Figure 2.3.

S
A>=

Figure 2.3 Offset Cassegrain and Gregorian antennas.

v

The increased effective focal length of the Cassegrain antenna reduces spill-over and side-
lobe level. The primary feed can be also located more conveniently when offset structure is
used, but asymmetrical offset configuration causes cross-polarisation. This cross-polarisation
can be mostly compensated using a compensated design that fulfils so called Mizugutch-
condition, when the cross-polarisation of an asymmetrical sub-reflector cancels the cross-
polarisation caused by the main reflector [6].

Several reflectors can be used to even more accurate control of the antenna radiation and to
relocate the primary feed to a more convenient location. A Cassegrain-antenna with a quasi-
optical feed with several mirrors can be considered as a multi-reflector antenna system.
Shaped sub-reflectors are also used to improve the performance of a non-shaped main
reflector.
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2.1.3 Shaped reflector antennas

Antenna performance can be improved by shaping the reflector surfaces to achieve more
control on the antenna radiation. Shaping can be used to increase the aperture efficiency and
gain of the antenna, to reduce side-lobe level, to improve the beam scanning capabilities of an
antenna and to optimise other antenna characteristics. Shaping can be applied both to the main
reflector surface and to the sub-reflector or only to either one of them. For example, the
spherical aberration in the case of a spherical reflector can be corrected with a shaped sub-
reflector [7,8].

Commonly used approach to reflector antenna shaping is to shape the sub-reflector to control
the aperture field amplitude and correct the phase with shaping of the larger main reflector
[9]. Another approach is to use two shaped sub-reflectors as a reflector feed for a much larger
non-shaped main reflector or reflectors, see e.g. [10—13].

Shaped reflector antennas can also be used for shaped beams when a selected coverage or
different radiation to different directions is desired. Most common applications are in satellite
broadcasting or communications where geographical coverage is preferred. The beam can be
shaped to follow the outlines the continent or country that is the service area. Such beams are
usually called contoured beams. Contoured beams are achieved with suitable reflector shaping
with a single feed or with array type feeds. Both approaches can also be used simultaneously
[14]. The beam forming network may be complicated and may have high losses [2] and
therefore shaped reflectors are usually preferred due to their smaller mass and lower losses.
The advantage of the multiple feeds is the ability to reconfigure the antenna, for example
when the coverage region should be changed. Re-configurable reflector antennas have also
been investigated during the past years. Examples of re-configurable reflector antenna designs
are presented for example in [14, 15].

2.2 Analysis of reflector antenna radiation

Reflector antenna radiation can be computed from the surface currents on the reflectors or
from the main reflector aperture field if the reflector antenna is considered as an aperture
radiator. Corresponding reflector antenna analysis methods can be called current distribution
method and aperture distribution method [9]. In optics, rays are used to describe propagation
of light through media. Ray optics can also be used for radiowaves.

2.2.1. Radiation of current sources

The electromagnetic radiation is described with generalized time-harmonic Maxwell’s
equations:

VXE=—joB-J, 2.1)
VxH = joD+J, (2.2)
V-B=p, (2.3)
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V-D=p,, (2.4)

where E is the electric field, H is the magnetic intensity, D is the electric displacement field,
and B is the magnetic flux. The electric and magnetic currents are J, and J,, p, and p,

are the electric and magnetic charge and the angular frequency is w=2nf. Magnetic current
and charge are non-physical, but helpful mathematical aids.

The analysis of the radiation of surface currents can be often simplified by introducing
auxiliary functions called vector potentials [16, 17]

A, =4i Tes eR ds', (2.5)
72' N

_ _ —JjkR

Am :4i Jms erS', (2.6)
72' S

where A. is the electric vector potential, A is the magnetic vector potential, £ is the
permittivity, z is the permeability and J, and J, are the electric and magnetic current
densities on the reflector surface S. The distance from the surface point to the observation

point is R = ‘; — 7|, where r is the vector to the observation point and 7' is the vector to the

point in the surface containing the surface currents. The wave number £ is related to the
angular frequency @ with

k=ow ,ug=27ﬂ. (2.7)

The electric and magnetic fields can be determined with the help of Equations (2.5) and (2.6)
[3,17]:

E:_‘]a)ge _]LV(V'Ze)_lVXZm, (2.8)
wus £
e -
H=-VxAd.—jodn—j—VV-4n). 2.9)
7 ous

The geometry related to the surface current radiation analysis is illustrated in Figure 2.4.
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observation point

Figure 2.4 Radiation of currents on a surface.

Applying the differential operators in Equations (2.8) and (2.9), the electric and magnetic
fields become [17]

—~\ 1 (= j 1 Jj — A\ J 3 3j \|-wrp2
E i Jes - + +Jgs'R —_— 4 — J kd'
) 472-[3( ( iR KR k3R3j ( )R(kR KR k3R3j} ’

—_ | ) . '
——=| I xRW(n JkR)e ™ k* ds (2.10)

E(I_")=— Sjes xﬁ#(l+ij)e_"kRk2ds'

1 7 ] 1 J 7 b \p J 3 3j —jkR 7.2
+— I ms| ———— +——|+\Jm R —+ - Tk ds'(2.11
4xn S( ( kR k*R’ k3R3] ( )R(kR kK’R* KR’ -11)

s R
R="= _ 2.12
2 (2.12)

2.2.2. Radiation of an aperture

Reflector antennas can be considered as aperture antennas and the radiation can be computed
from the electric and magnetic fields in the aperture. Radiation of the aperture antennas is
discussed in numerous books on antenna theory, for example in [2,3]. The aperture plane
divides antenna structure into two parts: into a half-space with sources and into a source-free
half-space, where the radiation is computed. The field-equivalence principle (the generalized
Huygen’s principle) allows an arbitrary electromagnetic radiation source to be replaced by its
equivalent current sources on a closed surface containing all the sources. The aperture plane
of the reflector antenna or the surface of the reflector can be considered as such surface. The
aperture plane is assumed infinite so that it forms a surface enclosing all the sources. The
aperture of a reflector antenna is illustrated in Figure 2.5. The reflector antenna radiation
analysis can be reduced to the problem of determining the equivalent surface currents on the
aperture plane.
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Figure 2.5 Aperture of a reflector antenna.

The equivalent surface current densities radiate the same field outside the aperture as the
original sources inside it. The sources inside aperture can be removed and source-free fields

Eiand H, corresponding to the fields radiated by the sources are assumed to exist inside the
aperture. Requirement for the continuity of tangential field components at the aperture
boundary result into [9]

Jow =nx(Hs—H)), (2.13)
T =—nx(Es—E1), (2.14)

where 7 is the normal of the aperture pointing outside and E» and H, are the tangential
electrical and magnetic fields outside the aperture. According to the field-equivalence
principle fields inside the boundary (aperture) do not need to be known as the radiation

outside the aperture is determined by the equivalent sources on the boundary. If E: and H,
are chosen to be zero, Equations (2.13) and (2.14) can be written into the following form at
the boundary [9]

Je =nxHa, (2.15)

jms = _;Xia . (216)
The radiation of the aperture can be computed with Equations (2.8)-(2.11). Determination of

equivalent surface currents is in general difficult and several approximate techniques have
been developed for this purpose.
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2.2.3 Physical optics

Determination of the surface currents is needed for computation of the reflector antenna
radiation. By assuming zero fields inside the closed surface, the inside can be filled with a
perfect electric conductor or with a perfect magnetic conductor. Assuming further the surface
flat and infinite the method of images gives the resulting surface current densities on a perfect
magnetic conductor [2]

Jes =2n%xHa, (2.17)
Jws =0. (2.18)

This approximation resulting into Equation (2.17) is called the physical optics (PO)
approximation. Physical optics is commonly used in reflector antenna analysis.

2.2.4 Geometrical optics

Geometrical or ray optics can be considered as a zero-wavelength approximation of exact
electromagnetic theory. The relation of geometrical optics (GO) to Maxwell’s equations is
discussed in detail in [18]. GO is useful approximation for analysis of electrically large
antennas as it easily allows the approximate computation of electromagnetic fields from
known values at a certain point by tracing the corresponding rays.

Time-harmonic fields can be expressed as asymptotic series, which represent the exact field.
The electric field (and the magnetic field) solved from the exact electromagnetic theory can
be expanded into power series in inverse powers of the angular frequency @ [3,18]

|
N |

m

) gtk (2.19)
jo)

El)=3.

m=0

~

where k, =./1,&, and L(;) is an operator called eikonal function. The equiphase wave fronts

are given by the level surfaces of the eikonal function. At high frequencies the fields are
described approximately by the 0™ order equation:

E(r)= Eolr)e ) (2.20)

This approximation is called the geometrical optics approximation.

2.2.4.1 Propagation of the field along the ray

The series approximation of the fields is substituted into the Maxwell’s equations in source-
free space, i.e., into Equations (2.1)-(2.4) without the charges and currents. The coefficients of
powers of @ are equated and fields are solved [9]. Direction of the ray can be defined as [9]
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s=YL 2.21)

where n is the index of refraction

Jon

n= . (2.22)
VEoky

The solution of the fields along a ray are [3]

_ _ Lp Vi,

Eo(s)=Eo(s, e 2o : (2.23)

Ho(s)= \/ngfo(s), (2.24)
7]

where s, and s are the distances along the ray from the reference or origin point. Eo,Ho and

VL are perpendicular to each other and the surfaces of constant L determine the phase fronts.
The Poynting vector and the power flow in lossless media are in the direction of VL, ie, in
the ray direction [3]. The electric field Eo (s) at any point on a ray is completely determined
from a known field at one point on the ray. The phase on a wave front is given by [3]

p=ot-2L(r) (2.25)
C

and the optical path length / along a ray path C is defined as [3]

l= jcnds . (2.26)

The phase difference between point P and a point F,where the field is known can be
computed from the optical path length

27 P
Ap=———| nds, 2.27
s=-21, @27)

where A, is the free-space wavelength.
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2.2.4.2 Reflection of the ray at a boundary

Electromagnetic energy propagating between two points will follow any ray path that makes
optical path length stationary (minimum). In homogeneous medium, ray paths are straight
lines. Snell’s reflection law and refraction law can be derived from Fermat’s principle.

Reflected ray s, and incident ray s; are coplanar with each other and with the normal » of
the surface. Both rays make equal angles with the surface normal.

Figure 2.6 Reflection at a planar boundary.

The Snell’s reflection law can be expressed in the following forms [3]

nx (s, —5:)=0, (2.28)
n-ls, +5:)=0, (2.29)
s, =si=2(si-nh, (2.30)
si=5,=2s, npr. 2.31)

At the boundary of the free-space and a perfect conductor, the reflected field amplitude is
equal to the incident amplitude, but the phase of the reflected field is opposite to the incident
field making the total field at boundary zero.
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2.2.4.3 Propagation of power

The power propagates to the direction of the rays. Rays passing through a closed curve define
a ray tube or a flux tube. The total power within the cross section of the flux tube must be
constant since power propagates in the direction of the rays only. When the flux tube cross
section A, and power density P, are know at one location and the flux tube cross section area

dA is known, power density within the flux tube can be solved from
P-dA=P,-dA,. (2.32)

When the cross section of the flux tube decreases, the power density increases and vice versa.
The power is related to the electric and the magnetic fields through the Poynting vector ExH ,
which is the power density vector. The time averaged Poynting vector gives the transmitted
average power density as

P :%Re@xﬁ*j. (2.33)

The geometrical optics approach to the propagation of the electromagnetic waves is not valid
at caustics where there are two or more rays intersecting at a point. The flux tube area
becomes zero and the power density would become infinite.

2.2.5 Edge diffraction

Physical optics (PO) and geometrical optics (GO) both assume the scatterers to be infinite in
size. In reality, reflector antennas have a finite size. A discontinuity in the medium, such as an
edge, acts as a Huygen’s source. The phenomenon that allows the electromagnetic field to
propagate around the edge is called diffraction. The total electric can be expressed as [19]

Ew=E+E,+Ea, (2.34)

where E; is the incident direct radiation from the source, E . is the reflected field and E. is
the diffracted field. The incident and reflected fields can be computed using PO or GO where
they exist. In general, diffracted field consists of edge and surface diffracted fields. Surface
diffracted field can be usually neglected in reflector antenna analysis. The diffracted field can
be solved from diffraction integrals. Diffraction is discussed in literature in detail, for example
in [18, 20].

In the analysis of reflector antennas, edge diffraction is included into physical optics and
geometrical optics with approximate techniques called physical theory of diffraction (PTD)
and geometrical theory of diffraction (GTD). PTD and GTD are described in the following
sections.

Diffracted field in complicated geometries can be determined with the help of so-called

canonical problems. A canonical problem is the simplest boundary value problem, which
locally approximately corresponds to the actual edge geometry. The diffraction field can then
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be computed for this simpler geometry. Examples of canonical problems include a half-plane,
a wedge and a curved surface.

2.2.5.1 Geometrical theory of diffraction

Geometrical theory of diffraction (GTD) includes diffraction in the geometrical optics. The
GTD was invented by Keller [21]. The diffracted field, as the incident field, is described with
rays. The diffracted rays from the edge form a so-called Keller’s cone, illustrated in Figure
2.7.

diffracted rays ‘i 3

wedge

incident ray

Figure 2.7 Diffraction from a wedge.

The total field at the observation point is the sum of the GO and diffracted rays:
Emz = EGO + EGTD , (235)

where Eco includes the field components by the incident and the reflected rays and Ecrp is
the diffracted field. The initial value of the diffracted field is determined with the help of
diffraction coefficients and the diffracted rays propagate as normal GO rays. Diffracted field
is calculated in general from [22]

Egm = Ei - DA(s,,s)e™™ (2.36)

where E; is the incident field at the point of diffraction, D is the diffraction coefficient and
A(s,,s) is the spatial attenuation or spreading factor. The source is located at the distance s,

from the diffraction point and observation point is at the distance of s. If the incident wave is
planar, cylindrical or conical wave, the attenuation factor is [22]

Als,y,s)=— (2.37)

e
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and in the case of an incident spherical wave

S
A(s,,s) = S(Sioso) BN \/S_‘),s >> 5. (2.38)

The diffraction coefficients are, in general, dyadic. The diffracted fields can be computed if
the diffraction coefficients can be determined. A complicated geometry can be approximated
by dividing it into canonical problems that are solved independently, and the results are
superpositioned to the final GTD component of the radiation.

Geometrical theory of diffraction cannot predict the field at the shadow and reflection
boundaries. These boundaries limit the regions of space where there is neither incident field
nor reflected field (shadow region) and where there are both incident and reflected field
components (reflection boundary). These limitations are corrected for example in the uniform
geometrical theory of diffraction (UTD) [19]. Sometimes all GO based diffraction theories are
called GTD for simplicity.

2.2.5.2 Physical theory of diffraction

In physical theory of diffraction (PTD), the total scattered field is expressed as in Equations
(2.34) and (2.35) as [23]

Ew =Epro+Ep, (2.39)

where a fringe field E 5 1s added to the physical optics field E ro. This extension to physical

optics was first developed by Ufimtsev. The fringe field can be computed from equivalent
edge currents. Equivalent edge currents were first used by Michaeli [24,25]. Other approaches
can be formulated to the same form.

The diffracted field, the so-called fringe or PTD field, is computed by integrating the
equivalent edge currents along the illuminated edges of the scatterer. In GRASP8-reflector
antenna analysis software, the edge currents are determined from integration of the fringe
wave current along incremental infinite strips on the canonical half-plane [17]. The PTD field
can be divided into transverse electric (TE) and transverse magnetic field (TM) components
[17]

— e’ sing@ 2sin % -
dEm =d'E, — 29, (2.40)
4mr sin” 0, bl . «a
COS—|+ SIn 5
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e 1 sign(z — @, )

dE 1 =dz'nH , -
47r sin@, a( 7 0{]
sin—| [cos—|+sin—
2 2 : (2.41)
. ¢0 . o A . n
cosgcos & + cot g, sin b 1+2cos?smz 6 —sin ¢¢g

where dz’ is the incremental arc length along the edge, # is the impedance of free space and
E:, Hi. are the z-components of the incident field. Direction of the incident field is defined
by 6,and ¢, and the coordinates of the observation point in relation to the diffraction point

are r, 0, and ¢. The angle « is defined from [17]

(2.42)

sin% - 1 —sin @ cos¢@sin G, + cos b, cos &
2 2sin’ 6, .

The PTD field depends on the direction of the incident field and the PTD approximation in
Equations (2.40)-(2.41) are valid only if the incident field is locally a plane wave.
GRASP8W-software is used in the reflector analyses in this thesis and the reflector edge
diffraction is computed using physical theory of diffraction as described in this Section.
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2.3 Synthesis of shaped reflector antennas

The procedure, where the antenna structure is determined from the desired radiation is called
antenna synthesis. In dual reflector synthesis, the reflectors are determined from the known
primary feed radiation and from the required radiation of the reflector antenna. The dual
reflector antenna synthesis problem is illustrated in Figure 2.8.

Unknown main reflector Desired antenna radiation

Unknown subreflector

Known feed radiation
Figure 2.8 Dual reflector synthesis problem.

Numerous reflector antenna synthesis methods have been developed since the 1940°s. The
methods can be divided into so-called direct and indirect methods. In the direct methods, the
reflector surfaces are determined directly from the desired antenna radiation. In the indirect
methods, the aperture field radiating the desired antenna radiation is determined first and the
aperture field is realised by shaping the reflector surfaces appropriately. The shaped reflector
antenna synthesis methods are also divided into geometrical optics (GO) and physical optics
based methods (PO) based on the method used to compute the radiation. PO based methods
are often called diffraction synthesis methods, as they usually include the diffraction with
PTD [2]. GO based methods are mostly used in the indirect synthesis of shaped beam
reflector antennas. Examples of the synthesis methods found in the literature for dual offset
reflectors are described in the following.

2.3.1 Indirect synthesis methods

In indirect synthesis methods the aperture field distribution is determined first from the
desired reflector antenna radiation. This procedure is called aperture field synthesis. The far
field of an aperture antenna is essentially the Fourier transformation of the aperture field. In
principle, the aperture field can be determined with inverse Fourier transformation from the
far-field pattern. However, the computation of the discrete inverse Fourier transformation
requires a sufficient number of complex field samples and usually it is not practical or even
possible. Several techniques have been developed for aperture field synthesis for shaped or
contoured beam antennas. Examples of aperture field synthesis techniques are described in
[26, 27]. These methods are based on search procedures: the aperture field is varied within an
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optimisation loop until desired radiation is achieved. The aperture field is parameterised and
the phase is represented with sinusoidal series in [26]. In [27], the aperture field is represented
with Zernike polynomials and the coefficients of these polynomials are optimised. The actual
reflector surfaces are then usually determined using geometrical optics based reflector
synthesis methods so that the desired aperture field is realised.

Spherical wave expansions (SWE) can be also used to specify the near field on a spherical
surface enclosing the antenna from the desired far field radiation pattern [28]. The truncated
sphere where the fields are specified is composed of annular segments, where the fields are
decomposed into separate functions of # and ¢ . The field is assumed invariant of € and the ¢

dependence is expanded into Fourier series. The coefficients of these series in annular
segments and the corresponding modes of the SWE are determined. Reflector surfaces are
determined using GO synthesis method described in [29].

2.3.1.1 Geometrical optics based synthesis methods

Geometrical optics based synthesis methods are based on the principles of geometrical optics:
the conservation of energy within flux tubes, Snell’s reflection law and the phase dependence
on the ray path length. The input field in the synthesis problem of dual offset reflectors is the
known radiation pattern of the primary feed. The output field is usually the aperture field of
the antenna. Both fields are described with rays. The ray distribution in the output is
determined from the input rays so that each input ray has a corresponding output ray and the
output rays correspond to the desired aperture amplitude and phase. Determination of the rays
in the output aperture from the rays in the input aperture is called aperture mapping. Several
geometrical optics based mathematical synthesis problem formulations exist in the literature,
for example [29-33].

2.3.1.1.1 Formulation of the synthesis problem with partial differential equations

The solution of the reflector surfaces from the input and output fields of the reflector system
can be formulated into elliptic form of Monge-Ampere type second-order nonlinear partial
differential equation [29]. The ray directions are described with complex coordinates to
simplify the formulation of the problem. The Monge-Ampere equation is linearised applying
a finite difference model and solved with numerical iteration. The solution gives the reflector
surfaces at discrete points corresponding to each ray.

The nonlinear second order Monge-Ampere partial differential equation is derived from first-
order partial differential equations which formulate the problem exactly [32]. These partial
differential equations are the Snell’s reflection law, conservation of energy condition and the
total derivative condition [32]

o*r 3 o0%r
060¢ 6¢80’

(2.43)

where the subreflector surface is determined by 7 in spherical coordinates and r is a function
of the ray coordinates in input and output aperture. The total derivative condition ensures that
the reflector surface is smooth. Levi-Civita’s theorem, that states that the Snell’s law is
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automatically satisfied on the second reflector if the Snell’s law is satisfied on the first
reflector and the path length is known, is used simplify the Snell’s law formulations on the
reflections. Conservation of energy results into the mapping equations that are needed to
obtain the solutions for the points on the reflector surfaces. The first order partial differential
equations associated with the synthesis problem can be solved by numerical progressive
integration [32]. The solution starts from the reflector rims, which allows the rims to remain
fixed.

2.3.1.1.2 Ray tracing based synthesis formulation

The dual offset reflector synthesis problem can be formulated also with linear non-differential
equations [33]. The wave fronts and reflector surfaces are presented with local biparabolic
expansions corresponding to the surface curvature. This method is based on tracing
differential ray strip through the reflections. Ray strips are flat bundles of rays tracing out
ribbons with varying widths which twist in space. The strip is one-dimensional and it is
orthogonal to the ray direction. The width of the strip is much smaller than wave front
curvatures. This formulation of the synthesis problem with linear equations allows simpler
and more easily controlled solution than the partial differential equation based approach [33].

The synthesis procedure is shown in Figure 2.9. The synthesis is done ray by ray and it starts
with the geometry of the system.

START

—1

Calculate desired mapping
Fix initial geometry, m=1, n=1

Determine surface normals
Determine wavefront parameters
Determine surface curvatures

WN
vov e

n=n+in

Repeat for n<N/2+1

I

Modify mapping
E “
4. Determine next ray (m+l,n')
5. Minor adjustments

n'=n’'+An'

Repeat for n'<N/2+1

Repeat for m<M+Mou

I

STOP

m=m+1

t

Figure 2.9 Ray tracing based synthesis procedure [33].

The initial geometry is fixed at the beginning of the synthesis. The geometry is defined by the
primary feed phase centre, the reflector centre and the aperture centre points. Diameters of the
elliptical aperture in x- and y-direction are also specified together with the desired amplitude
distribution in the aperture. Feed radiation pattern is specified and the angle of the
subreflector rim is fixed. The output aperture phase is assumed constant [33]. The reflectors
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are specified in polar grids consisting of nodes corresponding to rays. The polar grids are
thinned to give approximately even ray distribution on the reflector surfaces.

The output aperture is elliptic and the aperture field is assumed constant on ellipses around the
aperture centre. The conservation of energy means that the power within an ellipse in the
output aperture must be the same as the power within the corresponding circle in the feed
radiation pattern. Mapping functions can be determined from this condition. The exact
solution of the synthesis requires the desired mapping to be modified by allowing the
mapping to float. The circles of constant @ in the feed pattern in polar coordinates map onto
ellipses in the aperture xy-plane, but the radial lines are allowed to be curved. The mapping is
written as [33]

X = p(@)cos ¢, (2.44)
y=ap(f)sing', (2.45)
where a is the axial ratio of the output aperture ellipse and

¢'=¢+1(0.9). (2.46)

The floating term [ (6’,¢) can be expanded into a Fourier series. The coefficients of Fourier
expansion are found after initial synthesis of the reflectors.

The ray wave fronts are specified by principal directions and radii of curvature. The wave
front is described with a local biparabolic expansion. The principal directions of curvature do
not change along a ray in free space, but the principle radii of curvature have to be calculated
as the ray is traced between the reflections. The reflector surfaces are also defined with local
biparabolic expansions.

At first the mapping is determined with Equations (2.44) and (2.45) without the floating term
in Equation (2.46). The partial derivatives and the Jacobian determinant of the mapping
functions are determined for the ray-by-ray synthesis. Constant phase in the aperture results in
equal ray path lengths and rays are parallel to the z-axis in the aperture. Feed radiation pattern
is used to determine the wave front parameters of the input ray and the desired aperture field
is used to determine the ray parameters at the output. The output ray wave front curvature is
zero as the aperture phase is constant.

The centre ray path is known from the reflector geometry: centre ray passes through the
reflector centres into the centre of aperture. The reflector surface normals for both reflectors
are computed with Snell’s law. The wave front parameters for the ray between the reflectors

have to be determined for the computation of the reflector surface curvature parameters. Two
input differential ray strips are introduced and they are defined by [33]

AB, =5.AOuy, (2.47)

A@, = 5,A¢sin Qu . (2.48)
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s, 1s the length of the input ray from the feed phase centre to the subreflector. These ray strips
are traced to the subreflector and the wave front parameters for the incident ray are
determined. The ray strips after the reflection are A6, and A_¢, . The ray strips A6 and A_¢ in
the output aperture must coincide after the reflections on the reflectors with [33]

46 - (5—xﬁx s jA@, (2.49)
06" o0

TR

do = [8(15 U+ o0 U, JA(Iﬁ. (2.50)

Mapping of x(6¢) and y(6,¢) is defined by Equations (2.44) and (2.45) and the partial
derivatives can be computed from these. The ray strips are traced backwards from aperture to

the main reflector and reflected from it resulting into ray strips dé,, and d_¢m after the

reflection. Ray path between the reflectors is known together with the ray strips at both
reflectors. These ray strips must correspond to each other when traced across the reflector
separation along the ray. Four linear equations for determining curvature parameters for the
ray strips between the reflectors are derived and presented in [33]. The equations generally do
not have an exact solution, as there are only three variables in them. The floating mapping is
used to introduce a fourth variable into them permitting the exact solution. The determination
of the unknown wave front parameters is called dynamic ray tracing [33].

The wave front parameters are known for the ray and the reflector surface curvature
parameters are determined from the wave front parameters of the incident and reflected wave.
Three linear equations for determining the reflector surface curvature parameters from the
incident and reflected ray wavefront parameters are derived and presented in [33,34]. The
main reflector surface curvature parameters are determined from the output rays that are
traced back to the main reflector. The biparabolic expansion around the ray reflection points is
defined by these surface curvature parameters.

The next ray is launched from the feed phase centre and it intercepts the subreflector at a point
on the local biparabolically expanded surface around the previous point (centre point for the
second ray in the synthesis). The desired endpoint of the ray is determined by the mapping.
The output ray is traced backwards to the interception of the biparabolic surface expansion of
the main reflector. The ray path is defined by these interception points and by the starting
point at feed location together with the endpoint in the aperture. This procedure for
determining the ray path is called kinematic ray tracing [33].

The ray path length may deviate from the desired path length resulting into phase errors in the
aperture because the step size between the rays is too large or the synthesis is not exact. The
build-up of path length errors is avoided by adjusting the ray path by moving the reflection
points or by allowing the mapping to float [33]. The synthesis procedure is repeated for all
rays resulting into numerically specified reflector surfaces at the discrete reflection points.

The floating mapping is described by the term f (0,¢) in the mapping Equations (2.44)—

(2.45) and it corresponds to the curving of the radial lines in the coordinate grid. The floating
mapping can be derived after an initial synthesis is done without the floating mapping as
described previously. The modified mapping changes the partial derivates and the Jacobian of
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the original mapping. The floating term f (0,¢) can be expanded into Fourier series and the
following can be obtained [33]

110.9)= Zf( Jsin(ig), (251)
Zf sm (2.52)
z f(@)icos(ig), (2.53)

where f,'(8)=df,'(6)/d6 . The Fourier expansion coefficients are found by considering ray
A

paths with the same & v can be solved for each of these rays as described in [33]. The

inverse Fourier transform is utilized to find the expansion coefficients fl'(e(m)) for all the
rays with the same 6. The Fourier coefficients f,(6) of f(6,4) at 8(m+1) are determined
with numerical integration [33]

S,0m+1))= 1,0(m))+ £, ©(m))o(m +1)- 6(m)]. (2.54)

The modified mapping can be calculated and it is used instead of the original mapping in the
synthesis procedure. The synthesis proceeds with modifying the mapping on the ray ring.

2.3.1.1.3 Approximate solutions of the synthesis problem

The reflector surfaces can be approximated with locally planar surfaces. This approach has
been used for example in [13, 35-37]. In [35], circularly symmetric aperture distribution with
constant phase is realised with rotationally symmetric reflectors that are shaped only in the
radial direction around the reflector centres. The reflectors are assumed planar between co-
centric rings and the surfaces are numerically solved by extrapolation from known points.
Similar approach is used in [36]. Approach in [13] is similar to [35], except the local planar
surface is determined in an anterior point that is defined with interpolation from two
previously computed adjacent points (located on the previous ring in the ray grid). Snell’s law
on both reflectors and other principles of geometrical optics are used to formulate the ordinary
linear equations to solve the reflection points for a ray.

The synthesis method described in [37] is similar to the method described in [33], except, that
the reflector surfaces are assumed locally planar instead of doubly curved surfaces. An
iterative algorithm is used to find the subreflector surface normal at the reflection point, i.e.,
the local tangent plane of the surface, so that the desired ray path is achieved. The main
reflector surface is determined from the ray path length condition with the theorem of Levi-
Civita.
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2.3.2. Direct synthesis methods

Reflector surfaces can be directly determined from the desired antenna radiation. In these so-
called direct synthesis methods, the reflector surfaces are optimised until the desired radiation
pattern is achieved. Typically, reflector surfaces are parameterised and presented with series,
whose coefficients are determined with an optimisation procedure, where the reflector
radiation is computed and compared to the desired radiation. Diffraction effects are usually
included in the reflector optimisation and therefore, these methods are called diffraction
synthesis methods.

The reflector surfaces can be characterised with polynomial and Fourier series [26]. Antenna
radiation is computed using physical optics. The coefficients of these series are varied until
the gain of the antenna is within a prescribed tolerance at the specified points. Analytical
gradient based optimisation is used for direct dual reflector synthesis in [38]. An analytical
expression of the penalty function related to the gain deviation is used to reduce the number
of iterations needed for good convergence. Direction of the step is determined with the
method of steepest descent, i.e., from the gradient of the penalty function. The step length is
determined by finding the distance to the minimum of the function in the direction of the step.
The synthesis procedure begins with an initial GO solution to the synthesis problem. At first,
the sub-reflector is assumed fixed and the induced current distribution on the main reflector is
computed. The main reflector shape is then optimised to produce the desired far field using
analytical formulation of the gain deviation at each of the observation points. Secondly, the
main reflector illumination is optimised and, finally, the sub-reflector shape is optimised to
produce the desired main reflector illumination using the analytical gradient approach. The
optimisation procedure is repeated until satisfactory antenna pattern is achieved.

In [23], a generalised diffraction synthesis technique is described. This method is capable to
synthesise both single and dual shaped reflector antennas with a single or array feed. The
whole antenna system is characterised, parameterised and optimised. The reflector surfaces
are described with a global surface expansion based on the following expansion [23]

N M
Z'(ty)= Z Z(Cnm cosny + D, sinny)F"(t), (2.55)

n=0 m=0

where ¢ is a parameter describing the radial distance from the reflector surface (0<t<1), y is
the angle around the centre, C, and D, are the expansion coefficients and F(¢) is the
modified Jacobi polynomials defined by [23]

F () =y20n+2m+1)- P"O(1-22).1". (2.56)

m

Jacobi polynomials P,(“’ﬁ )(x) are defined in general as

n

(1= %) (14 x) P (x) = ﬂ[ d j [0 =)+ x)y]. 2.57)

2" nldx

The reflector radiation is computed with physical optics and physical theory of diffraction.
The coefficients of the surface expansion are then optimised so that the desired radiation
pattern is achieved.
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A different approach to reflector surface presentation is used in [39]. The reflector surfaces
are divided into elements that produce a stepped surface. The partial field contribution of each
surface element to the directivity pattern is computed for each element. The reflector elements
are moved along an axis (for example along the surface normal), which corresponds to a
phase change in the partial field. Method of successive projections is used to optimise the
reflector surfaces so that given constrains for the antenna directivity pattern are met [39]. The
stepped reflectors are smoothed to produce the continuous reflector surfaces.
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3 Antenna measurements

Antenna measurements are needed for the final verification of the antenna operation. Modern
simulation and analysis methods predict often quite accurately the antenna characteristics, but
for some complicated structures only measurements can give accurate information on the
antenna properties. In all cases, it is beneficial to verify the computed results with
measurements to ensure that antenna was correctly modelled in the simulations and correctly
assembled. In this chapter, antenna radiation characteristics and techniques to measure them
at sub-millimetre wavelengths are discussed.

3.1 Antenna radiation characteristics

Reciprocity theorem applies to most antennas and, therefore, properties of an antenna used to
receive electromagnetic waves are the same as the properties for the same antenna when it is
used to transmit electromagnetic waves. The space surrounding an antenna is commonly
divided into three parts based on the behaviour of the antenna radiation: a reactive near field
region, a radiating near field region, and a far field region. The regions are illustrated in
Figure 3.1.
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Figure 3.1 Near field and far field regions of an antenna.

In the reactive near field, the reactive field dominates and power is not propagating. The
borders between the regions are not exact or unique as there are various criteria to separate the
regions. Outer boundary of the reactive near field is usually defined as

The antenna is assumed large compared to the wavelength 1. The radiating near field, or

Fresnel region as it is also called for antennas focused at infinity, is a transition region
between the reactive near field and the far field region. In this region, the radiation fields
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predominate, but the angular field distribution depends on the distance from the antenna. The
radial field component may also be significant in this region. The far-field region is defined to
begin at

_2p?
A

R

: (3.2)

where D is the maximum dimension of the antenna. At this distance the phase error due to the
maximum path length difference between different points on the antenna is n/8. In the far
field, the field components are essentially transverse and the angular distribution of the field is
independent of the distance. This is exactly true only at infinite distance from the antenna.
The far field region is also called Fraunhofer region analogical to optical terminology.

3.1.1 Radiation pattern

Radiation pattern (antenna pattern) is the spatial distribution of a quantity that characterises
the electromagnetic field generated by an antenna [40]. These quantities that characterise the
field are amplitude, phase, and polarisation. The radiation pattern of an antenna is completely
described by the amplitude and phase of the field components in two particular orthogonal
polarisations [41]. Spatial distribution of related properties, such as power flux density,
radiation intensity and directivity, are sometimes also determined. The distribution can be
expressed as a mathematical function or as a graphical presentation.

A pattern cut is any path on a surface over which a radiation pattern is obtained [40]. A far-
field pattern is obtained in the far field of the antenna. The far field pattern is the angular
distribution (0,¢) of the field quantity on constant radius sphere. The standard antenna

spherical coordinate system is illustrated in Figure 3.2 [41].

8=180°

Figure 3.2 Standard spherical coordinate system [41].
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Horizon coordinates are often used in antenna measurements as this coordinate system is a
natural choice for an antenna positioner. The direction is defined with two angles: azimuth
and elevation. Azimuth is the horizontal angle measured from the reference direction along
the horizon clockwise and elevation is the angle above the horizon.

3.1.1.1 Amplitude pattern

Presentation of the antennas field’s amplitude distribution is called an amplitude pattern. A
power pattern is the distribution of the power density, which is related to the electric field
amplitude through the Poynting vector. Power pattern is usually presented in decibels (dB)

P(6,¢)c1010g E*(6,9). (3.3)

Power (and amplitude) patterns are often normalised, i.e. power relative to a selected
reference is presented. Antenna parameters that can be obtained from the antenna power
pattern include the beamwidth and sidelobe levels. Usually the half-power (-3 dB) beamwidth
is determined as the angular width of the beam between the points were the beam power drops
to half of the peak power. Other power levels can also be used as the reference to the
beamwidth definition. Sidelobe levels are specified in several ways [42]: by peak level
outside the main beam, by average power or by median power. Sidelobe level is usually
reported in relation to the main beam peak level. Extra peaks in the main beam region are
often called shoulders.

3.1.1.2 Phase pattern

Distribution of the phase in the radiated field of an antenna is called the phase pattern of an
antenna. The phase is relative quantity and it is defined in relation to a phase reference, such
as a separate reference signal. A single-frequency field component of the angular frequency w
can be presented as a scalar function of time as [41]

E(t)=E, cos(at +y,)= Re{EOej"’Oe-’“”}, (3.4

where E, is the amplitude of the field and y, is the phase at =0. The phase y is the angle of

j(@t+y,)

the complex number E e’ . If the field E propagates along the x-axis with a velocity

v=w/k (kis the wave number) then the field at point x at time ¢ is [41]
E(t,x)= E, cos(et + v, — kx). (3.5)

At point x, E(t,x) is represented by E(t,O) shifted in the positive direction by x/v. This is
considered as a phase delay as the phase is decreased by kx in the propagation from 0 to x.
The complex time factor e ~ [41]. For positively travelling wave

the phase factor e ™ becomes then e and the phase is increased by the amount kx in the
direction of propagation.

jot

can also be written as e

ikr
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The definition of the phase described here is valid only for linearly polarised fields. A
specified component in the far field can be expressed as [41]

—jkr __
E,(0.6,r)= E0.8)™ ¢4, (3.6)
r

where (6, ¢ ,r) specifies the observation point in spherical coordinates. For linear polarisation,

unit vector u is real and the phase is defined unambiguously as in the scalar case. In the case

of the circularly and elliptically polarised fields, u is complex and must be specified for
every direction (6, ¢ ) to define the phase.

The phase centre is a reference point, which can be used as centre point of a sphere in the far
field of the antenna so that the phase of a field component is essentially constant over the
significant portion of the surface of that sphere [40]. In general, antennas may not have a clear
phase centre. The apparent phase centre over the direction of observation (6,¢) varies and

apparent phase centres over the observation sphere form a surface in space [41].

3.1.1.3 Polarisation pattern

Polarisation pattern is the spatial distribution of the polarisation of the field vector in the
radiated field of the antenna [41]. Alternatively, polarisation pattern is defined as the response
of the linearly polarised probe antenna as it is rotated in a plane normal to the direction of the
incident field so that the direction of the probe antenna polarisation is rotated. In the far field,
the radiated field is essentially a plane wave and the magnetic field is orthogonal to the
electric field. Polarisation of a wave is the time varying direction and relative amplitude of the
electric-field vector, i.e., it is described by the figure traced by the extremity of the field
vector at a fixed location in space as function of time as observed along the direction of
propagation [22]. Polarisation is classified as linear, circular and elliptical based on the shape
of the figure that the electric field vector end point draws as the function of time.

Instantaneous field in the far field propagating in the direction of the z-axis can be written as
[22]

E(t,z)=Ex(t,2)ux + E,(t,2)u,, (3.7)

where field components are given by

E.(t,2) = Re{E e/ v}, (3.8)

E,(t,z) = Re{E, e/}, (3.9)

The polarisation is in general elliptical; circular and linear polarisations are special cases of
the elliptical polarisation. Polarisation ellipse is illustrated in Figure 3.3. Polarisation is
elliptic when the time-phase difference between the field components is not equal to /2 (nor
equal to its multiples), or the phase difference is equal to odd multiples of w/2 and the
components do not have equal magnitudes. The polarisation ellipse is defined by the axial
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ratio and by the tilt angle 7 of the ellipse. When observed in the direction of propagation if the
end point of the field vector rotates clockwise, the sense of the polarisation is right-handed.
Opposite direction of rotation corresponds to left-handed polarisation.

Major
axis

Figure 3.3 Polarisation ellipse.

If the amplitudes of the field components are equal and the time-phase difference between
them is an odd multiple of m/2, elliptical polarisation reduces to circular polarisation.
Similarly, if the phase-difference is a m (or its multiple) polarisation reduces to a linear
polarisation.

Co-polarisation is the polarisation that the antenna is intended to radiate or to receive [40].
The orthogonal polarisation to the co-polarisation is called cross polarisation. For linear (and
elliptical) polarisation, there are several definitions of the direction of the polarisation in the
far field of an antenna. Three definitions for a linearly polarised wave propagating in the
direction of z-axis are presented in [43]:

1) In Cartesian coordinates one coordinate axis is the direction co-polarisation and the other is
the direction of cross-polarisation

2) In spherical coordinates the directions of the polarisations are in the directions of the
tangent vectors of the coordinate sphere (6,¢)

3) The directions of the polarisations are defined in the directions of the antenna movements
in an elevation-over-azimuth-type antenna positioner.
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3.1.2 Directivity and gain

Directivity is ratio of the power radiated in a given direction to the power averaged over all
directions

_dP/dQ  dP/dQ

D(6,¢)= P e (3.10)
where P, is the total power
2rrm
P, =[P(0.4)12= [ [ P(0.4)sin it . (3.11)
00

The maximum value of directivity D(9,¢) is often called the directivity of the antenna and it

is a measure of the ability of an antenna to concentrate the radiated power to a certain
direction. An isotropic radiator radiates uniformly to all directions. Directivity is often
expressed in reference to an isotropic radiator in decibels denoted with dBi.

The gain of an antenna is the ratio of the radiation intensity, in a given direction, to the

radiation intensity that would be obtained if the power accepted by the antenna were radiated
isotropically [40]. Therefore, the gain is defined as

G(6,4)=nD(0,9), (3.12)

where 7 is efficiency of the antenna, which includes the losses within the antenna. Impedance
and polarisation mismatch losses are not included.
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3.2 Antenna measurement techniques

Antenna measurements are usually used to determine the radiation pattern of an antenna; the
directional distribution of amplitude, phase and polarisation. Other antenna characteristics can
also be measured, such as the antenna input impedance for matching to the transmitter or
receiver, bandwidth, and antenna efficiency. Antenna measurement methods can be divided
into near field and far field methods. In compact antenna test ranges, a plane wave
corresponding to the far field is generated using a collimating or focusing element.

3.2.1 Far field measurements

In far field antenna tests, the antenna under test (AUT) is used as receiving or transmitting
antenna. When the distance between the AUT and the receiving antenna is large, the incident
wave over the whole AUT is essentially a plane wave. By rotating the AUT using an antenna
positioner, the angular distribution of the desired antenna radiation property is obtained.

Far-field distance for electrically large antennas at sub-millimetre wave region is very large —
for example for a 2-metre diameter antenna at 300 GHz the minimum far-field distance given
by 2D?/A is about 8 km. In practice, a longer distance is needed as phase and amplitude
taper in the plane wave due to finite distance causes filling of first nulls and increases the first
side-lobe level near the main beam in the directional pattern. For very low-sidelobe antennas
with first sidelobes below -40 dB distance of 6D°/A or even longer is needed for
measurement uncertainty of 1 dB [44, 45]. At sub-mm wavelengths region the atmospheric
attenuation may be up to several decibels per metre due to absorbtion caused by molecular
resonances of the gases in the atmosphere. Computed atmospheric opacity, i.e., attenuation, as
function of the frequency is shown in Figure 3.4 [46]. The high attenuation and the potentially
high variation of it due to fluctuations in the air pressure and humidity make far-field
measurements impractical for large sub-mm wave antennas.
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Figure 3.4 Computed atmospheric opacity at sub-millimetre wavelengths [46].
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3.2.2 Compact antenna test ranges

In a compact antenna test range (CATR), the plane wave needed for antenna radiation pattern
measurements is generated with a collimating element from the spherical wave radiated by the
feed. The collimating element is often called a focusing element as the element can be also
considered as a receiving device. The region in space where the plane wave exists is called the
quiet-zone (QZ) of the CATR. Typically it is required that the quiet-zone field amplitude is
within 1 dB peak-to-peak and the phase is within 10° peak-to-peak for accurate
measurements. These requirements are mainly for systematic deviations from the plane, such
as for the amount of amplitude taper and for phase front curvature. Scattering from objects in
the measurement hall, for example edge diffraction from the collimating element edges and
reflections from the walls, cause ripples to the quiet-zone field. These scatterers may cause
extra sidelobes to the measured antenna pattern as the main beam amplifies the scattered field
when it is pointing to the direction of the scatterer. The allowed ripple in the quiet-zone
caused by the scattering may therefore be much lower than 1 dB peak-to-peak depending on
the directivity of the AUT and the level of the sidelobes that is being investigated.

The collimating element in a CATR is usually a reflector or a set of reflectors. Lenses and
holograms can also be used in compact antenna test ranges at millimetre and sub-millimetre
wavelengths. In the following sections, different types of CATRs are described.

3.2.2.1 Reflector based compact antenna test ranges

The reflector compact antenna test ranges are based on the collimating ability of a parabolic
reflector. Compact antenna test ranges based on a single reflector, a dual reflector or a triple
reflector configuration have been developed since the 1960°s [47]. For a fixed reflector size,
the edge diffraction induced ripples in the quiet-zone size limit the lowest usable frequency of
the range. Edge diffraction can be reduced by reducing the edge illumination, by shaping the
reflector edges or by serrating the edges. The high-frequency limit of the reflector operation is
set by the surface accuracy of the reflector. Typically surface accuracy of the order of A/100—
A/50 is required, which ensures that potential path length difference does not affect the quiet-
zone field phase significantly. Compact antenna test ranges based on reflectors are used at
frequencies up to 200 GHz [48, 49] and their use is being investigated at the frequencies up to
500 GHz [50].

3.2.2.1.1 Single reflector CATR

The CATR based on a 3-metre single offset paraboloid reflector was patented by Johnson in
1967 and it is described in [51]. Typical quiet-zone diameter for a single reflector CATR is
about one third of the reflector diameter. The quiet-zone field amplitude may be tapered due
to finite focal length of the paraboloid causing spreading of the beam or to the radiation
pattern of the primary feed [47]. The offset fed paraboloid suffers from relatively high cross-
polarisation level. The typical cross-polarisation level is -30 dB [47]. The principle of the
CATR based on a single reflector is shown in Figure 3.5.
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Figure 3.5 CATR based on a single parabolic reflector.

3.2.2.1.2 Dual reflector CATR

Two reflectors allow more control of the reflector antenna radiation. In a CATR, dual
reflector structure allows a larger quiet-zone size in relation to the main reflector diameter. A
dual cylindrical parabolic antenna was proposed by Vokurka in 1976, described for example
in [52]. The spherical wave from the primary feed is transformed into a cylindrical wave by
the sub-reflector, which is transformed into a planar wave by the main reflector. Cylindrical
paraboloid surfaces are easier and more economical to manufacture than doubly curved
surfaces. The disadvantage of this configuration is the relative high cross-polarisation level in
the vertical plane of the quiet-zone. A schematic of the dual cylindrical reflector CATR is
shown in Figure 3.6.

Figure 3.6 CATR based on dual parabolic cylindrical reflectors.

The cross-polarisation caused by an offset reflector can be eliminated by using another
reflector and by selecting the offset angles so that the cross-polarised fields caused by the
reflectors cancel each other [6]. The cross-polarisation level is due to the feed cross-
polarisation. Possible configurations for a CATR include a Cassegrain antenna and Gregorian
antenna. An example of a CATR based on a cross-polarisation compensated offset Cassegrain
configuration is described in [49]. The size of the hyperbolic subreflector is 5.6 m x 5.3 m and
that of the parabolic main reflector is 7.5 m X 6.0 m. The quiet-zone size is 5.0 m x 5.5 m x
6.0 m and the maximum cross-polarisation level is -35 dB. A Gregorian configuration is
proposed in [53]. The configuration has a caustic between the reflectors, which allows the
sub-reflector to be placed into a separate chamber. Absorber fence is placed between the
reflectors to reduce the edge diffraction disturbances from the sub-reflector to the quiet-zone
and direct feed illumination. The aperture in the fence, however, acts as an additional
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diffraction source limiting the benefits of this approach. Cassegrain and Gregorian CATR
configurations are presented in Figure 3.7.

Quiet-zone

A

¥ Quiet-zone
a) b)
Figure 3.7 a) Cassegrain type CATR, b) Gregorian type CATR.

Shaped reflectors can be used in CATRs for improved quiet-zone field quality and size.
Shaped Gregorian design is described in [54]. Edge diffraction from the main reflector is
reduced by introducing a Gaussian amplitude taper to the main reflector illumination. The
shaping also increases the aperture efficiency of the CATR and quiet-zone diameters of the
order of 75 % of the main reflector diameter have been reported [47].

Spherical surfaces are relatively easy and economical to manufacture and they have been used
for CATRs. A shaped sub-reflector is used compensate the spherical aberration [8]. The
achieved quiet-zone size is about 70 % of the projected aperture of the spherical reflector.

3.2.2.1.3 Tri-reflector CATR

A dual reflector feed system (DRFS) can be used to increase the quiet-zone size of an existing
single reflector CATR [13]. The increase in the quiet-zone size is due to the improved control
of the main reflector illumination, which allows suitable amplitude taper to reduce edge
diffraction without deforming the phase distribution. The approach can be also used with a
spherical main reflector [55].

3.2.2.2 Compact antenna test range based on a lens

A lens can be used as a collimating device in a CATR. Lens-type CATR has the advantage of
high area utilisation, low edge diffraction and good cross-polarisation performance [47]. The
main advantage compared to the reflectors is lower surface accuracy requirement. A lens is a
refractive component and the velocity in the dielectric is reduced by its refractive index,

which results into (Jgr — 1)/ 2 times lower surface accuracy requirement and consequently to

lower manufacturing costs. The disadvantage of the lens-type CATR is the relativily long
length and also highly homogenous dielectric material is needed. The principle of the CATR
based on a lens is presented in Figure 3.8. Examples of this type of a CATR are described in
[56-58].
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Figure 3.8 Lens-type compact antenna test range.

3.2.2.3 Compact antenna test range based on a hologram

Holography was invented by Gabor in 1947 and he received the Nobel Prize in Physics for it
in 1971 [59]. Optical holography is traditionally based on recording the interference pattern of
a reference light and the reflected light from an object on a film. When the film is illuminated
with the reference light a three-dimensional image is seen. Optical holograms are called
reflection holograms when the reference light and the viewing point are on the same side of
the hologram. In the case of a transmission hologram, the viewing point is on the opposite
side of the hologram than the reference light. Modern holograms are usually computer
generated, i.e., the interference pattern is computed and fabricated directly instead exposing
the pattern on a film [60].

Millimetre wave hologram was proposed for a collimating element in a CATR in 1992 [61].
The hologram is the interference pattern of the feed radiation pattern illuminating the
hologram aperture and the desired quiet-zone plane wave. Transmission-type holograms are
used in CATR applications. Hologram based CATRs have been used to test antennas at the
frequencies of 39, 119, and 322 GHz [O3, 62, 63]. The schematic of the hologram CATR is
presented in Figure 3.9.

hologram (diameter D)
antenna under fest

(v I8

/

quiet-zone
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Figure 3.9 Hologram based compact antenna test range.

In general, the hologram changes the amplitude and the phase of the electromagnetic field that
illuminates it. Holograms are usually realised so that only the amplitude or the phase
modification in the field is considered. Corresponding holograms are called amplitude and
phase holograms. Amplitude holograms have been mostly used for CATRs, but phase
holograms are also being investigated [O10].
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3.2.2.3.1 Hologram design

The transmission-type amplitude holograms for CATRs are generated with a computer. The
transmitted electromagnetic field E,, is related to the incident field £, on the hologram by

[010]
Etr(x’y)zT(xay)Ei(xay)a (313)

where the coordinates (x,y) are in the plane of the hologram. The transmittance of a general
amplitude hologram is expressed as [64]

T(x, y)=%{1+a(x, »)eos[#(x, v, (3.14)

where a(x,y) is a real function proportional to the relation of transmitted and incident
amplitudes. The phase term is [64]

¥(x,y)=w(x,y)+ 27w, (3.15)

where l,//(x, y) is the normalized phase of the field incident on the hologram and v is the

spatial carrier frequency that separates the different diffraction orders produced by the
hologram. The desired plane wave propagates to the angle

0 = arcsin(vA) . (3.16)

For the holograms in CATR applications #=33° as shown in Figure 3.9 has been selected to
ensure good separation of the diffraction orders so that the other orders propagating in the
direction of the normal of the hologram do not disturb the quiet-zone field. The #=33° has
been selected as an suitable compromise to keep the CATR compact in size while allowing
sufficient separation between the quiet-zone and the direction of the hologram normal. The
hologram structure is quantized to facilitate the hologram manufacturing. The transmittance
of the hologram is binarised for a simple pattern and the binarised transmittance is given by
[64]

0, 0< l[1 +cos ¥ (x,y)|<h

Ty(x,y)= : , (3.17)
1, b<5[1+cos‘I’(x,y)]S1

where

b=1 (1/n)arcsinalx, y). (3.18)

The binary amplitude hologram pattern is in principle formed from regions that block the
incident field completely and from regions that pass the field unattenuated. These regions can
be realised using intact metal to block the field and slots in the metal to allow the field to be
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transmitted. The amplitude of the hologram transmittance is modulated by the widths of the
slots and the phase is modulated by the locations of the slots. In practice, binarised
transmittance is not achieved as the actual operation of the hologram structure is non-ideal.
Accurate analysis of the hologram operation is needed to optimise the hologram structure.

The actual transmission of the hologram structure is computed using finite-difference time-
domain (FDTD) method [65]. Currently it is not possible to compute the transmission of the
whole three-dimensional hologram structure with FDTD even using super computers as the
holograms are up to several thousands of wavelengths in diameter. Therefore, only one
horizontal cut of the hologram is analysed at the time with two-dimensional FDTD analysis.
The pattern is assumed infinite in the vertical direction. As the pattern changes slowly in the
vertical direction, the radiated field on the plane of the hologram cut can be computed with
reasonable accuracy assuming the transmitted field as a horizontal line source. The whole
hologram aperture field can be approximated using several horizontal cuts. The quiet-zone
field is computed with aperture integration, i.e., physical optics (PO), from the aperture field
determined with FDTD simulations. An example of the hologram pattern is shown in Figure
3.10 together with the simplified structure that is used in the FDTD analysis.

STRUCTURE ANALY ZED
HOLOGRAM
D WITH FOTD
< S
« Ea
U 4 “‘}f = ﬂ__ I~i|"“|||
- |
W

¥y

Figure 3.10 An example of a hologram pattern and the simplified structure used in the
simulations [64, 65].

The design of the holograms is an iterative process where the hologram structure is optimised
so that the transmitted field produces the desired plane in the quiet-zone. The quiet-zone field
amplitude is adjusted using a weighing function W(p) in Equation (3.18) to modify the

aperture field of the hologram. The weighing function is included into the term a(x, y) as [64]

a(x,y)=M, (3.19)
|Ei (X, y]
where p =+/x* + y* . The weighing function is formed so that the amplitude is tapered

towards the aperture edge to reduce edge diffraction. Function a(x, y) determines the widths
of the slots in the hologram pattern, i.e., amplitude taper results to narrower slots in the
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pattern near the hologram edges. The quiet-zone field phase is modified by adding an extra
correction term ,(x) to the phase of the transmittance [64]

Y(x,y)=w(x,y)+ 27+, (x). (3.20)

The phase term lP(x, y) determines the locations of the slots in the pattern and small changes

in this term affect the quiet-zone phase significantly without affecting the amplitude. First, the
hologram pattern is generated with selected functions and the resulting quiet-zone field is
computed. Then, the weighting function and the phase correction term are adjusted iteratively
until satisfactory quiet-zone field amplitude and phase are achieved. Typically, the quiet-zone
field is optimised at the distance of the focal length of the hologram behind the hologram
aperture. The feed location and alignment is also adjusted to optimise the quiet-zone field
[66].

3.2.2.3.2 Hologram manufacturing

The optimised binarised transmittance is realised with a metallization pattern on a dielectric
film, which consists of metal-free slots and metal stripes between them. The dielectric film,
which is usually mylar, provides mechanical support for the hologram pattern and it is
included in the model of the hologram structure in FDTD analysis [65]. Metallization patterns
can be formed using either selective deposition or etching [032]. A cross-cut of the hologram
structure is shown in Figure 3.11.
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Figure 3.11 Cross-cut of the hologram structure.

Conventional printed circuit board (PCB) manufacturing techniques can be used to
manufacture the holograms. The process is based on photolithography, where the metal-plated
dielectric film is coated with photosensitive resist. The resist is selectively exposed to light
using photomasks and the slots are etched to the metallization using suitable chemicals. The
accuracy of the etched slot width is about the same as the thickness of the metallization as
completely vertical edges are difficult to achieve in the etching process. Additional inaccuracy
in the pattern is caused by the potential inaccuracy in the photomask and by the pattern
distortions caused by the exposure of the mask. The achieved overall pattern accuracy of the
order of 2040 pm is not sufficient for frequencies much above 300 GHz. Maximum
hologram size is limited by the size of the photomasks available and by the size of the actual
manufacturing equipment. Circuit board manufacturing up to the size of 600 mm x 600 mm is
commonly available. PCB-techniques have been used to manufacture holograms up to 600
mm in diameter at frequencies around 300 GHz as this method is very inexpensive.

Improved accuracy in the hologram pattern slot widths can be achieved using direct laser
writing of the pattern on the photoresist [032]. The metallized mylar film is placed on a
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cylinder and the laser beam is scanned over the surface. By rotating the cylinder, selective
exposure of the photoresist is achieved over the whole surface. Chemical wet etching is used
to etch the slots into the metallization. Currently, the maximum size of the pattern is limited
due to the available manufacturing equipment to 1.5 m x 6.0 m. The accuracy of the laser
writing is about 5 um and the estimated achievable accuracy in the slot widths is around 10
um [67]. This method is currently used to fabricate large hologram patterns [O4].

Holograms up to several metres in diameter are needed for testing large antennas. The current
size of the available manufacturing equipment is not sufficient for making large holograms for
full-sized CATRs in one piece. Several methods for making the holograms in separate pieces
have been investigated [O32]. The pieces are joined to form the complete hologram. Seams in
the hologram should be electrically invisible and the pieces should be aligned accurately as
discontinuities in the pattern act as diffraction sources. Misaligned pieces may also radiate to
different directions, which distorts the quiet-zone field. Horizontal seams, i.e., seams
perpendicular to the polarisation, have been found to cause less disturbances to the quiet-zone
field than vertical seams [68].

Tape was used to connect seven pieces up to 1.2 m X 1.0 m to form a 2.4 m x 2.0 m hologram
at the frequency of 119 GHz [63]. At sub-millimetre wavelengths, the tape changes the
thickness of the dielectric film significantly causing a discontinuity, which disturbs the quiet-
zone field. Similarly the overlap acts as a diffraction source when the holograms pieces are
glued together. It was discovered that soldering provides the desired electrically invisible
seam with sufficient mechanical durability as the thickness of the metallization is not a critical
parameter to the hologram operation [O32]. The metal stripes in the hologram pattern are
soldered together manually. Soldering paste does not adhere to the metal-free slots and the
solder itself does not affect the hologram operation [O32]. Naturally, potential misalignment
of the pieces has a significant effect on the quiet-zone field. A hologram CATR based on a 3-
m diameter hologram at the frequency of 322 GHz that was manufactured in three pieces on a
50 um thick mylar-film with a 17 um thick copper layer is shown in Figure 3.12. The
hologram pieces were joined together by soldering.

Figure 3.12 Large hologram based CATR at 322 GHz [O3].

Manufacturing of large metallization patterns with the required accuracy for sub-millimetre
wavelength holograms is difficult. The relative error in slot widths is the greatest near the
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hologram pattern edges, where the slots are very narrow. Narrow slots are difficult to etch.
Amplitude taper can be introduced into the hologram illumination eliminating the narrow
slots in the pattern. Shaped illumination can also be used to increase the quiet-zone size
through better control of the aperture field [13]. Increased quiet-zone size in relation to the
hologram size reduces the required hologram size for testing an antenna. Currently, the quiet-
zone diameter is about 50-60 % of the hologram diameter then the hologram is illuminated
with a corrugated horn. In this thesis, the possibilities to facilitate the hologram
manufacturing with a modified hologram illumination are investigated.

3.2.2.3.3 Advantages and disadvantages of the hologram CATR in antenna testing

The main advantage of using a hologram as a collimating element in a sub-millimetre
wavelength CATR over conventional reflectors is much lower manufacturing costs. High
accuracy is only needed in two-dimensions instead of three-dimensions as the hologram is a
planar transmission type device. The required surface flatness for a hologram is about 1/12 of
the surface accuracy of a reflector at the same frequency [69]. This flatness can be relatively
easily achieved by tensioning the hologram into a frame.

Another advantage is the light weight and transportability of the hologram. Combined with
the low cost this allows building antenna test specific compact antenna test ranges at the
selected test site. The CATR in Figure 3.11 was assembled in a hall and it was disassembled
two months later right after the antenna tests [O3, O4].

The operation of the hologram is frequency dependent as the locations of the slots in the
pattern depend on the phase of the incident field. Also the direction of the desired plane wave
changes with the frequency. If the changes are compensated by tuning the feed position, a
bandwidth of about +5-10 % of the operating frequency is achieved [68]. The narrow
bandwidth is not a very serious disadvantage as the low cost of the holograms permits making
separate holograms for the different frequencies. In addition, at sub-millimetre wavelengths
the receivers are also usually narrow band devices and the measurements can be often done at
a single frequency at the time.

The hologram structure consists of narrow slots and of metal stripes between them. Intact
metal covers over 50 % of the hologram surface resulting to high reflection loss. The
efficiency of the amplitude holograms is below 10 %, i.e., less than 10 % of the power
radiated by the feed is radiated as a plane wave into the quiet-zone [70]. The relatively high
losses of over -10 dB reduce the available power, i.e., dynamic range, in the quiet-zone for
antenna testing. Phase holograms consist of milled grooves instead of slots in the
metallization and, therefore, in principle there is no blocking and higher efficiency can be
achieved [71]. Phase holograms are investigated for potential use in radar cross section
(RCS) measurements at sub-millimetre wavelengths.

The transmission of narrow slots depends on the polarisation. At the polarisation parallel to
the slot, the slot width has a strong effect on the transmission coefficient, but at the
polarisation perpendicular to the slot the transmission is only weakly affected by the slot
width. Therefore, the narrowing of the slots towards the hologram edges does not produce
amplitude taper at the horizontal polarisation as the hologram slots are in vertical direction.
The quiet-zone field has large ripples due to edge diffraction at the horizontal polarisation
[65] and the holograms can be used only at the vertical polarisation. The amplitude taper in

57



the hologram illumination realised with a dual reflector feed system allows the holograms to
operate at the horizontal polarisation also.

The slots in the hologram pattern are curved forming arcs of ellipses. The direction of parallel
and perpendicular polarisation changes as the slot direction changes. This causes
depolarisation of the field. The cross-polarised field in the hologram illumination is also
transmitted into the quiet-zone. This cross-polarisation and cross-polarised field generated by
the hologram cause the total cross-polarisation level to be about -20 dB at maximum in the
quiet-zone [72]. The potential improvement to the cross-polarisation level is investigated in
this thesis by using a polarising grid in front of the feed to eliminate the cross-polarisation in
the hologram illumination.

3.2.2 Near-field measurements

The near-field measurements are based on sampling the radiating field of the antenna in the
radiating near-field on a surface using a probe antenna and computing the corresponding far-
field radiation. The surface can be a planar, a cylindrical or a spherical surface. In principle,
the radiation can be computed from the equivalent sources on this surface as described in
Section 2.2. The equivalent surface currents are determined from the near-field scanning data.
An example of this approach is described in [73].

Modal expansions are usually used to simplify the near-field to far-field transformation. The
measured near-field is used to determine the coefficients of the planar, cylindrical or spherical

wave functions. The radiated electric field of the antenna under test can be computed from the
measured tangential electric field on a surface with [74]

E(r)= §lnxe())- Gl rhis, (3.21)

where the dyadic Green function is
Gl )= S Vo o () -3 ()| (3.22)

The Green function is given in terms of two orthogonal vector wave functions M and N.

The point on the surface S is ' and the observation point is r. The surface normal is n'. The

geometry is illustrated in Figure 3.13. The determination of vector wave solutions M and N
allow relatively simple near-field to far-field transformations for planar, cylindrical and
spherical scanning surfaces.

Figure 3.13 Determination of the radiated electric field from the measured tangential electric

field.
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In general, the probe pattern has to be compensated in the transformation for accurate results
as the probe receives (or transmits) radiation differently from different directions.

The first near-field antenna measurements were done in the early 1950°s [74] and the data was
used to directly examine the amplitude and phase in the radiated field of the antenna without
computing the corresponding far-field. In the mid-1950’s, the far-field pattern was computed
from the near-field without compensating the effect of probe pattern on the results. A probe
correction method based on a plane wave scattering matrix was introduced into the planar
near-field measurements in 1963 by Kerns from National Institute of Standards and
Technology (NIST), USA [74]. The measurement system utilising this method was later
constructed at the NIST [75].

The probe-corrected formulas for near-field scanning in spherical coordinates were derived by
Jensen of the Technical University of Denmark in 1970. More practical probe-correction
methods that allowed the determination of the spherical mode coefficients for the antenna
under test were published in mid-1970’s by Jensen and others. In 1973, probe compensated
cylindrical near-field scanning was implemented for the first time by Leach and Paris at the
Georgia Institute of Technology. [74]

3.2.2.1 Planar near-field measurements

In planar near-field measurements, the radiating near-field of the antenna under test is probed
by scanning the field over a planar surface. The scanning can be done in xy-, polar, or in bi-
polar configuration. The different planar scanning configurations are illustrated in Figure
3.14. In the xy-scanning, the sampling is done in a rectangular grid. An example of a xy-
scanner at sub-mm wavelengths is described in [76]. In the polar scanning, the sampling is
done in a polar grid and only single linear scan is needed if the antenna under test is rotated
[77]. In the bi-polar scanning, the antenna under test is rotated axially and the probe sweeps
an arc as the scanner arm is rotated around a second axis parallel the AUT rotation axis [78].
The samples form co-centric rings with samples along radial arcs.
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Figure 3.14 Sampling grids in a) rectangular, b) polar, and c) bipolar near-field scanning.

59



3.2.2.1.1 Scanning in a rectangular grid

The measured fields in a rectangular grid on a planar surface can be expressed as a plane
wave expansion, i.e., as a plane wave spectrum A(k k, ) [42]. The propagation vector k 1is
defined as

k=ku.+ku, +ku., (3.23)
where
2 .
k, = 751n dcosg, (3.24)
2 . .
k, = 7811’1 fsing, (3.25)
k, = 277[005 0. (3.26)

(9, ¢) are the directional angles of the spherical coordinates. The tangential electric field E.
on a plane at z, can be expressed with the plane wave expansion as [42, 74]

Ei(x,v,z2, —i”? Alle, ke, Jo /5D g (3.27)

where E(kx,ky) describes the receiving properties of the probe, i.e., the probe pattern. The

plane wave spectrum Z(kx,ky) of the measured field can be determined from tangential
electric field as [42, 74]

Jkzp — 1

Alk, k)= ezﬂ R (k. k) TTE(x ¥,z e ey (3.28)

which is the Fourier transformation of the tangential electric field E, (x,9,z,) with the

compensation for the probe pattern ?(kx,ky). The far-field pattern at the distance » can be
computed as [42]

E(r)= 2’? Alke, K, ) (3.29)

When the near-field of the AUT is sampled in a uniformly spaced rectangular grid, the
efficient fast Fourier transform (FFT) algorithm can be used to compute the far-field pattern
of the antenna.
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The scanning plane has to cover the angular region, in which the radiation pattern of the AUT
is to be determined. The maximum angle that is covered is@,, . The related geometry is

illustrated in Figure 3.15.

O

AUT  Scanner

Figure 3.15 Planar scanning geometry.

The maximum sampling spacing in the case of the spatially limited near-field sampling that

covers the angular region, where 6 <8, 1s [79]
Ax=Ay = _t (3.30)
Y 2sind,, '

The maximum sampling spacing corresponds to the Nyqvist sampling theorem
Ax=Ay=A1/2, when @__approaches 90°. If the near-field is probed in the reactive near-

field of the AUT, where the evanescent waves are present, the sampling interval has to be
decreased to determine the far-field radiation pattern accurately [74,79].

3.2.2.1.2 Scanning in a polar grid

The far-field pattern can be determined from the measured near-field data using a Jacobi-
Bessel expansion [77] or other plane polar expansions such as in [80], or by using fast
Fourier transformation after the data has been interpolated to a uniformly spaced rectangular
grid [81, 82]. The minimum number of the near-field measurement points that are needed for
the FFT based near-field to far-field transformation is investigated in [82]. The maximum
radial spacing Ap is [82]

Ad

Ap = (3.31)
2rx
and the maximum angular spacing A¢ is
A
AYO)=————, 3.32
#0) 21,71 (0)sin & (-32)
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where d is the distance of the measurement plane from the AUT, 7, is radius of the minimum

sphere enclosing the AUT, 6 is the direction angle of the sampling point, and y, is the excess
spatial bandwidth factor, i.e., the oversampling factor, that has to be slightly larger than unity
to ensure accurate determination of the far-field pattern. The excess bandwidth factor y, is
defined as [82]

21 (0)=1+(z ~1)sin(0)"". (333)

The sampling interval corresponds to the Nyqvist sampling theorem inside the minimum
sphere, where the sampling interval becomes A4/ (2 ;(1). The scanning geometry is illustrated in
the Figure 3.16.

Figure 3.16 Plane polar scanning geometry [82].

The radial spacing increases with the measurement distance d and the angular spacing is
independent of the measurement distance and decreases with §. The total number of the
samples is the same regardless of the measurement distance when the angular extent of the
measurements zone remains the same. The scanning plane has to cover the angular extent,
where the far-field pattern of the AUT is to be determined as in the case of the sampling in a
rectangular grid.

3.2.2.1.3 Scanning in a bi-polar grid

The far-field pattern of the AUT is determined from the bi-polar near-field data using
interpolation to the rectangular sampling grid, which allows the use of the FFT, or Jacobi-
Bessel or Fourier-Bessel transforms, which allow the direct use of the bi-polar near-field
samples [83]. The bi-polar sampling positions are converted to polar coordinates for these
transformations. Alternative approach is to determine the equivalent currents and compute
their far-field radiation [84].

The sampling spacing in the bi-polar scanning is studied in [78]. The spacing in the angular
direction of the AUT rotation A« is the same as the corresponding angular spacing A¢ in the

62



polar coordinates (p, @) in the case of the plane polar scanning given by (3.32). The sampling
increment of the bi-polar scanner arm rotation Af is [78]

AB(p)=2sin™ (%LA’O] ~2sin” (ij , (3.34)

where L is the scanner arm length, p is the radial distance of the sampling point in the polar
coordinates of the scanning plane, and Ap is the corresponding radial increment in a plane

polar scan given by (3.31). If even sampling spacing is needed, the smallest spacing on the
scanning plane should be used. Alternative, the bi-polar scanning can be done by rotating the
AUT and the scanner arm simultaneously, when the probe traces a spiral over the scanning
plane [85]. This allows faster scanning. The sampling geometries are illustrated in the Figure
3.17.

Probe Arm

a) b)

Figure 3.17 Bi-polar scanning geometries: a) basic [78], b) spiral sampling [85].

3.2.2.2 Cylindrical near-field measurements

The near-field of the antenna under test can be sampled over a cylindrical surface. The probe
is scanned in the vertical direction and the AUT is rotated in the azimuth direction to form a
cylindrical scanning surface. This geometry allows large angular coverage in horizontal
direction in the determination of the far-field pattern of the AUT. The cylindrical near-field
measurement geometry is presented in Figure 3.18.
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Figure 3.18 Cylindrical near-field sampling.

The measured near-field is expanded into vector wave modes with cylindrical Bessel and
Hankel functions utilising fast Fourier transform and FFT is also used to determine the
corresponding far-field radiation [86]. The equivalent current method for cylindrical near-
field to far-field transformation can be used also and it has been used for example in [87].

The maximum sampling interval in the angular direction ¢ in the cylindrical coordinates
(r, ¢, ) is [86, 88]

T A

A (3.35)

where k=2m/A, and 7, is the radius of the minimum sphere enclosing the AUT. Using a

sampling expansion technique the sampling spacing can be decreased in the z-direction from
A2 to

A2

Az ;
alr,

(3.36)
where a is the cylinder radius.

3.2.2.3 Spherical near-field measurements

Omni-directional coverage of the far-field pattern measurement can be achieved relatively
easily using spherical near-field scanning. A spherical scanning surface is realised by rotating
the antenna in both 6- and ¢ -directions in the spherical coordinates (r, 0,¢) while keeping the
probe stationary. An alternative approach is to move the probe over a sphere or move the
probe over a circular path and rotate the AUT in the azimuth direction. An example of a
spherical near-field scanner is shown in Figure 3.19.
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Figure 3.19 4 spherical near-field scanner [89].

The near-field of the antenna E(r,d,4) is expanded into spherical wave modes so that [90]

E(r,0,¢4)= \/_ZZ ZQWFW r,0,0), (3.37)

s=1 n=l m=—n

where QO

smn

are the modal coefficients to the spherical wave functions Fsmn(r, 6,4). The

number of modes N depends on the variation of the field in the directions of the spherical
angles 6 and ¢ . The number of the modes can be determined from [91]

N=kr,+n,, 3.38
0 1

where k =2x/A is the wavenumber, 7, is the radius of the minimum sphere, and », is a
number depending on the desired accuracy of the spherical wave expansion. Typically,
n,=10 is selected. The optimal number of modes is studied in [91] and the required sampling
spacing is less than 180°/N. To completely characterise the radiated field, the field must be

sampled according the Nyqvist sampling theorem on the minimum sphere, i.e., the maximum
angular sampling intervals are

AG=Ap= (3.39)

2r,

where 7, is radius of the minimum sphere enclosing the AUT. An alternative approach for

determining the far-field from the measured near-field is to determine the equivalent sources

and compute their radiation. An example of this approach in the spherical near-field scanning
1s described in [92].
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3.2.2.4 Applicability of the near-field measurements for sub-millimetre waves

The near-field measurements have certain advantages over compact antenna test ranges
(CATRs) such as the possibility to direct observation or holographic reconstruction of the
aperture field of a reflector or an array antenna to characterise possible faults in the antenna
structure [93, 94]. Also, planar near-field scanning can be done in a smaller volume than what
a CATR occupies.

At sub-millimetre wavelengths, the near-field scanning has some additional challenges
compared to lower frequencies. The needed positioning (of the order of A/100—A/50) and
pointing accuracy of the probe (and the AUT) result into very high accuracy requirements for
the scanner mechanics. The large number of samples that are needed for measuring
electrically large antennas makes the measurements time-consuming and high-stability is
needed in the measurement equipment — in both mechanical and electrical equipment.
Temperature changes may induce drift in the electrical instrumentation and dimensional
changes in the mechanical structure due to thermal expansion. These effects have to be
minimised for accurate antenna measurements and accurate temperature control is needed.
The applicability of the near-field measurements and other antenna measurement techniques
to sub-millimetre waves is studied in [95].

An example of a sub-millimetre wave planar near-field scanner operating at the frequency of
550 GHz is described in [76]. The 0.8 m x 0.8 m scanner is constructed of granite to ensure
high mechanical stability of the structure and a vertical granite plate was used as a z-
coordinate reference to achieve high planarity of the scanner surface. An alternative to a
highly accurate scanner structure is to measure the probe position with high precision using
laser interferometers and to correct the non-ideal probe position either computationally [96,
97] or mechanically [89]. Near-field scanning has been also used to evaluate the quiet-zone
field of a CATR at millimetre waves [98] and at sub-millimetre waves [O4, O11].

In this thesis, planar near-field scanning is used to verify the radiated beam of the designed
dual reflector feed system at the frequency of 310 GHz and to evaluate the quiet-zone field
quality of the test holograms at 310 GHz and of the hologram based CATR at 322 GHz.
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4 Dual reflector feed system synthesis

The hologram illumination can be modified with a shaped dual reflector feed system (DRFS).
A numerical dual reflector synthesis procedure has been developed for designing the DRFS
[O1]. The developed procedure is based on geometrical optics (GO). Geometrical optics
employs a high frequency approximation of the Maxwell’s equations, which allows fast
computation of the electromagnetic field. Therefore, the synthesis methods based on GO are
well suited for electrically large reflectors at high frequencies. At sub-millimetre wavelengths,
even reflectors with relatively small physical dimensions are electrically large. The
geometrical optics based synthesis methods have also the advantage of being in principle
frequency independent, which eliminates the need to optimise the synthesised antennas
separately for different frequencies.

The developed synthesis procedure is based on the ray-tracing principle presented in [33], but
the implementation of the procedure is somewhat different and certain modifications have
been adapted to simplify the software implementation. The electromagnetic fields are
represented by plane waves that propagate along the rays and the reflector surfaces are
approximated with planar sections at the computation points. The reflector surfaces are
extrapolated from a previous point to the next to ensure continuity of the surfaces. Similar
approximations have been used in for front-fed dual reflector antennas in [36] and for dual
offset reflectors in [13, 37]. However, in the developed synthesis procedure the dual reflector
feed structure is treated as an independent antenna instead of the considering it as a part of a
reflector antenna system with a parabolic main reflector and the DRFS is considered as a
shaped beam antenna. This results in a somewhat different approach in the synthesis than in
[13, 36, 37].
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4.1 Synthesis procedure

The developed synthesis procedure starts with the definition of the system geometry. The
electromagnetic fields are represented by locally planar waves, which propagate along the
rays. The ray distribution in the output beam, which illuminates the hologram is determined
with so-called input-output aperture mapping. Finally, the reflector surfaces are determined so
that the input ray distribution is transformed to the output ray distribution via reflections on
the reflector surfaces. The steps in the synthesis procedure are illustrated in Figure 4.1. The
synthesis procedure is described in more detail in the following sections.

Determination of the system geometry

v

Expression of input field with rays
(representation of the fields with rays)

v

Specification of desired output field
(the hologram illumination)

v

Determination of output ray distribution
(input/output aperture mapping)

v

Determination of the reflector surfaces
(reflector synthesis)

Figure 4.1 The structure of the synthesis procedure.

4.1.1 Definition of the system geometry

Reflector antennas are commonly based on conic sections, i.e., paraboloid, ellipsoid and
hyperboloid surfaces are used as reflectors. The reflectors based on the conic sections are
shown in Figure 2.1. These reflector surfaces are defined by their focal points: the paraboloid
as only one focal point as the ellipsoid and the hyperboloid have two. The foci of the ellipsoid
are on the same side of the surface and the hyperboloid has one focus in front of the surface
and a virtual focus behind it. In general, the reflector surfaces can be shaped surfaces without
clear focal points. In this thesis, a shaped surface is called a hyperboloid-, ellipsoid- or
paraboloid-type shaped surface or a shaped hyperboloid (ellipsoid or paraboloid), when the
shaped reflector has focal regions that resemble the focal points of the corresponding conic
section.

68



The dual reflector feed system (DRFS) for illuminating holograms has a diverging beam as
the hologram is used as the collimating element in a compact antenna test range. The
hologram design is simplified greatly if the electromagnetic wave illuminating the hologram
can be considered to originate from a hologram focus, i.e., it is a spherical wave. The basic
DRFS geometry is shown in Figure 4.2 for a dual hyberboloid structure, which is used as the
baseline geometry in this chapter to facilitate the discussion. The first reflector is called the
sub-reflector and the second reflector the main reflector. The classical conic sections are a
useful approximation of the actual shaped reflector surfaces in the definition of the confocal
system geometry.

F 0
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f;ystem ;

. ; Feed horn
Main reflector ; ubreflector
f‘sub
osen Input
' ./ aperture
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Jeed f main
Subreflector

Output aperture

Figure 4.2 Basic geometry of the dual reflector feed system [Ol].

The system geometry is defined by the foci F;, F|, and F,. The system (hologram focus) is
at F,, F, is the common focus of the reflectors and the primary feed is placed at F,. The
system focus is relocated to F, as the beam shaping is done with the reflectors. The focal
length of the system is denoted with f, and f,

Jstem > wan and £, are the main reflector and sub-
reflector focal lengths. The main reflector distance from the output aperture (the hologram
aperture) centre is r,, and the sub-reflector distance from the main reflector is r,,. The

main

offset angles, «,

sub

for the sub-reflector and «,,, for the primary feed, are defined as shown

in Figure 4.2. These parameters define the basic shapes of the reflectors and the system focal
length is defined as

r

main + Fsub + fsub = fsystem . (4 1)
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The input and output aperture rims are defined by the focal lengths £, ., and f,, and by the
input and output beam half-beam widths é,,and 6

main *

The choice between an ellipsoid and
a hyperboloid is controlled by selection of r,,,,
and f

main *

and r,, in relation to the focal lengths f|

ystem

The following two cases can be identified:

1) Zpain < fyystem » the main reflector is a hyperboloid-type surface.

ll) rmain

> fiysiem » the main reflector is an ellipsoid-type surface.

Similarly, r,, in relation to f,,, defines which conic section the sub-reflector is. In the case

of an ellipsoid, the reflected rays pass through a focus in front of the reflector, and in the case
of a hyperboloid, they originate from a virtual focus behind the reflector. The incident rays on
the reflector originate from a focus in both cases.

4.1.2 Ray representation of the electromagnetic fields

The input field, the primary feed radiation, and the output field illuminating the hologram are
represented by rays. In geometrical optics, i.e., in ray optics, the equiphase wave fronts
surfaces around the ray are often described using a second-order model based on the principal
radii of curvature in the principal directions of curvature [3,9]. Alternatively, the principal
curvatures, which are the reciprocals of the principal radii of curvature, can be used [34,99].
In the developed synthesis procedure, the wave fronts around the rays are described with a
first-order approximation, i.e., with local plane waves, to simplify the calculations. The
second- and first-order wave front approximations are illustrated in Figure 4.3.

Wave fron

Wave front
of curvature

Principal directi

Principal radius of curvature

a) b)

Figure 4.3 Equiphase wave fronts: a) second-order approximation, and b) first-order
approximation.

The wave fronts are represented with local plane waves, which propagate in the direction of

the rays. Each ray is considered as a phase and amplitude sample of the electric field and the
fields are specified at these points. The ray direction is described with the spherical
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coordinates (#,¢4) with origin at the ray origin and the phase at the ray grid points is

determined from the ray path lengths. The power propagates in flux tubes bounded by four
adjacent rays. The rays form a grid consisting of N co-centric rings with M rays on each ring
and each node in the grid represents a ray. The first ring is the centre point and the rays with
#=0° are duplicated to rays with ¢=360°. This facilitates the representation of the ray grids

as N x M arrays in the software implementation of the synthesis procedure. The flux tubes
form a (N-1) x (M-1) array. The ray grid and a flux tube are illustrated in Figure 4.4.

Flux tube

ray + 1’ ml‘ay + 1

E(n

Eave (n tube > M tube )

ray + > ray

Figure 4.4 The ray grid and the flux tube.

The propagating power within a flux tube (Mupe,muse) With surface area ddln,,,,m,,,) is
computed from the real part of the Poynting vector

( )=~ Re( [Ex H 4a5) ~- 22, JaA( )
P ntube ’ mtube - ERC( é‘[;( ,g,,.)dS) 277 Eave ntube ’ mtube dA ntube > mtube H (42)
where 7 is the free-space wave impedance for plane waves and
1
H=—E. (4.3)
n

The average of the electric field amplitudes in the flux tube corners is used to approximate the
field distribution inside the tube. The average electric field is computed with

E e )= 5 Bl e By 1) Bl +1m, VB, 1, 1), @)
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4.1.3 Aperture mapping

The output ray distribution has to be defined from the input ray distribution so that desired
output field is achieved. The ray distribution in the input aperture is mapped onto the output
aperture with a suitable mapping function or numerically. The properties of the geometrical
optics mappings are studied in [100].

The circular input aperture rim of the dual reflector feed system is defined by the beam width
of the primary feed 6,, and by the distance of the feed phase centre f,, from the sub-

reflector centre (see Figure 4.2). The aperture was selected to be circular and the input
aperture radius p,, .. is then given by

pm,max = f?ub tan a/éed . (45)

The input rays originate from the feed phase centre and the inception points with the input
aperture form the input ray grid. The input ray distribution was selected so that the ray grid is
evenly spaced in the polar coordinates (p,¢ ), i.e., Ap and A¢ are constant in the grid. The
aperture ray grid forms co-centric rings as shown in Figure 4.4. The input field is specified at
the nodes (the ray locations) of the aperture grid. The total power in the input of the DRFS is
computed as the sum of the power propagating in the flux tubes inside the aperture

M-1  N-1 1 M-1  N-1
- - 2 el Jaa( )
1)1"1 - z zp(ntube s mtube ) - 2 2 inn,ave ntube s mtube dA ntube s mtube > (46)
My =1 My =1 My =1 Ny, =1

where E,, . (n,,..m,,,) is the average amplitude within a flux tube computed with (4.4). The

total power is conserved in the reflections (omitting the effect of non-ideal reflectivity) and
the total power propagating through the output aperture must be equal to the total power
propagating through the input aperture, i.e., P, =P,. The output aperture field, i.e., the

hologram illumination, is also specified numerically in an even polar grid (p’,¢’). The

defined output field amplitude E,, has to be scaled so that the total power inside the output

out
aperture is equal to the total propagating power inside the input aperture. The power scaling
factor f is solved from

M-1 N-1
MDY il )
277 Ein,ave ntube ’ mtube A ntube H mtube
_ Miype =1 nmhezl
p= 1 M-1  N-1 > (4'7)
- 2 e Jaa( )
2 z Eout,ave ntube ’ mtube dA ntube b mtube
n Myype =1 My =1

where dAln,,,,m,,,) is the area of the flux tube in the input and d4'(n,,,,,m,,, ) is the flux tube
area in the output. The output amplitude is scaled with the amplitude scaling factor « = \/E ,
i.e., the normalised output amplitude is

— aE (4.8)

out ,norm out *
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The power propagating inside a flux tube is also conserved, so that

ﬁwijmﬁy¢pmnw=——57ﬁ@@¢pmuw (4.9)

where p’ and ¢’ are the polar coordinates of the rays in the output aperture, and p and ¢ are
the polar coordinates in the input aperture. In general, the corner rays (p,',4,'), (p,'s@,.")s
(Pp'>9,'), and (p,,',¢,.,") for each flux tube in the output aperture should be solved from

(4.9). This is complicated for an arbitrary field distribution and some assumptions have to be
made for the flux tube shape to reduce the number of unknowns in (4.9). In [33], the circles in
the input aperture are mapped onto ellipses in the output aperture.

A rotationally symmetric output field distribution is often sufficient and this is also the case in
the hologram illumination. However, in general a circularly symmetric mapping is not
possible for dual offset reflectors [29]. Concentric rings in the input aperture do not map to
concentric rings in the output. Approximate solutions are possible, for example by a
controlled modification of the mapping with so-called floating mapping, where the radial lines
in the output grid are allowed to curve [33]. In the developed synthesis procedure, a
rotationally symmetric mapping is assumed for simplicity and the resulting errors are assumed
negligible. The propagating power is conserved within concentric rings and (4.9) can be
rewritten as

B Pu

1
2 ' ' [
—277 J Eou,p(o)Zﬁp dp 2 J mp(p)27rpdp , (4.10)

where E,, , (p") is the normalised circularly symmetric amplitude in the output aperture and
E,, ) is the rotationally symmetric amplitude in the input aperture. The propagating power

within the ring 7 in the input is determined as the sum of the propagating power in the flux
tubes in that ring

M-1

1
Pm,p (ntube)_ 5 in ave( M upe » tube)dA(ntube’ My, ) - 4.11)

Mype =1

The output and input fields are specified at the ray locations (the nodes in the ray grid) and the
field between the rays has to be estimated in order to solve the output ray rings from (4.10)
with progressive integration. The circularly symmetric amplitudes are obtained by averaging
the amplitudes in each ring in the ray grids

M-1

E )= EWWKW,J (4.12)

ray =1

Byl )= anwm) (4.13)

m=1
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The determination of the ray rings, i.e., solving progressively p,.,' from (4.10), is greatly
simplified if the power density E_, » (p‘) is assumed to be linear between the ray rings, i.e., it

is assumed inside the flux rings formed by the ray rings that
E(fut,p (p') = k(ntube )p'_'—b(ntube ) s (4 14)
where

Ejut, (nm) +1)_E5ut, (nr ) +1)
N e 7

: (4.15)

b(ntube): Ejut,p (nray)' (416)

The locations of the ray rings in the output aperture are solved by progressively integrating
the piecewise continuous power density in the radial direction starting from the aperture
center p'(1)=0. The procedure to determine the output ray rings is the following: first, the
power propagating within each ring is determined with (4.11), second, the output power
density (the square of the output amplitude) is linearised between the specified points to form
a piecewise continuous rotationally symmetric power density function, and third, the p-
coordinate p' (nmy +1 )= pPa+1 for the next ray ring in the ray grid can be solved progressively

from

17
Z Ejut,p (p')Zﬂ'p' dp' = ])in,p (ntube)’ (417)
o

where E., . (p’) is the piecewise continuous power density given by (4.14). The progressive

determination of the output ray ring distribution results into a floating output aperture rim,
i.e., the radius of the output aperture is determined by the rim of the last ring of flux tubes in
the aperture. The input rays originate from the feed phase centre at the sub-reflector focus and
the output rays originate from the system focus. The phase in the output aperture is given by
the path lengths / (nmy,mmy) of the rays

l(nray s mmy ): \/p’ (nray ’ mray )+ f:;stem 2 (4 1 8)
where p' (nmy My, ) is the radial distance from the output aperture centre.

The aperture mapping described here is very simply and approximate. In [33], floating of the
mapping is used to control the mapping errors. In the mapping used, the error in the mapping
is not controlled and it assumed reasonably small so that it can be omitted. The non-ideal
mapping results also to depolarisation of the DRFS beam as non-ideal mapping causes cross-
polarisation [100].
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4.1.4 Synthesis of the reflector surfaces

The determination of the reflector surfaces from the known incident and reflected fields is
called reflector synthesis. In the dual reflector feed system synthesis, the incident rays on the
sub-reflector (the input rays) and the reflected rays from the main reflector (the output rays)
are known and the reflector surfaces are determined so that the incident field represented by
the input rays is transformed into the output ray distribution corresponding to the desired
output field, i.e., the hologram illumination. The dual reflector synthesis problem is illustrated
in Figure 4.5.

A Feed horn
Known input rays

Unknown

: ; J Unknown sub-reflector
main reflector;

Unknown intermediate rays

Known output rays
Figure 4.5 Dual reflector synthesis problem.

To simplify the calculations in the developed synthesis procedure, the reflector surfaces are
approximated locally with tangential planes. This first-order surface approximation has also
been used in [13, 36, 37]. In [33], the surfaces are represented with a second order model
based on bi-parabolic expansion. The first reflector, the sub-reflector, is used to modify the
amplitude and the second reflector, the main reflector, is used to correct the phase. The
amplitude and phase are assumed decoupled in these field modifications by the reflectors,
which is not exactly true. This assumption facilitates greatly the beam shaping and it is
approximately valid. The main steps in the reflector surface synthesis are shown in Figure 4.6
and they are discussed next.
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Input / output ray <
v

Anterior point / centre point

v

Local tangential planes

v

Interception points

v

Ray path length adjustment
(main reflector only)

v

Final ray path

!

Snell's reflection law

v

New local tangential planes

Repeated for
all rays

Figure 4.6 Main steps in the reflector synthesis procedure.

The input rays are known as they originate from the feed phase centre at the sub-reflector
focus and they form an evenly spaced polar grid on the input aperture. The input aperture is
located at the distance f,, from the feed phase centre (see Figure 4.2). The output rays

originate from the system focus and the end-points on the output aperture are determined with
the input-output aperture mapping.

The synthesis procedure begins with the centre ray, for which the complete ray path is know
from the system geometry. The centre ray originates from the sub-reflector focus and it is
reflected from the sub-reflector and the main reflector centre points (where n=1), which are
defined by the locations of the reflectors in the DRFS, and it passes through the output
aperture at the centre of the aperture. The Snell’s reflection law is used to find the surface

normal n,, from the incident ray direction vector Ei,sub and from the reflected ray direction

vector s, up»

- Sr.sub = Sisub N A N
Msub == - - nxv-fuhux + ny,subuy + nz,subuz » (419)

Sr.sub =S i sub

A

where (7 ,u,,u,) are the unit vectors in Cartesian sub-reflector coordinates with the origin at

X y
the sub-reflector focus, the z-axis is in the direction of the centre input ray and y-axis is
vertical. The surface normal determines the local tangential plane at the centre point.
Similarly, the centre ray in the output originates from the system focus and it is reflected via

the main reflector centre point to the centre of the output aperture. The Snell’s reflection law
is applied to the main reflector and the surface normal »,,;, is solved as in the case of the
sub-reflector as

- Sr,main - Si,main A A A
=——————=n u_+n u, +n u (4.20)

N main - - x,main”" x y.main”"y z,main”"z ?
Sr,main - Si,ma[n
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where (i, ,4,,u,) are the unit vectors in the Cartesian main reflector coordinates with the

origin at the system focus. The next ray is launched from the feed phase centre towards the
sub-reflector and it intercepts the local tangential plane on the sub-reflector. The input ray is
defined in the sub-reflector coordinates with the vector s, , which is defined as

Ssub = XsubSisub = Xsub (SLv,subux + Siy,subuy + Siz,subuz ) . (421)

The length of the ray y,, from the feed phase centre to the interception points with the local
tangential plane is determined as

nx,subxa,sub + ny,sub ya,sub + nz,subZa,sub

Zsub = + + s (422)
nx,subsix,sub ny,subsiy,sub nz,subsiz,sub

where s, ;> 5,5 and s, are the Cartesian components of the ray direction vector s,,, and

(Xasup> Vasur » Zasup ) 1€ the coordinates of the anterior, i.e., the centre point. In general, the

anterior point is the closest previously determined point on the reflector surface in the radial
direction in the input aperture grid. The next point on the sub-reflector is solved from (4.21)
after the ray length y,, has been determined with (4.22). The approximation of the reflector

surface with a local tangential plane ensures that the surface is physical and the total
differential condition [37] is satisfied locally on the tangential plane.

Similarly to the sub-reflector, the next output ray is launched from the system focus towards
the main reflector and the interception point with the local tangential plane is determined.
Equations (4.21) and (4.22) become for the main reflector in the main reflector coordinates

S main = /llmain Si,main = /llmain (Six,mainux + Siy,mainuy + Siz,mainuz )9 (423)
where
nx,mainxa,main + ny,main ya,main + nz,mainza,main (4 24)
Z .= . .
mamp s +n S +n s

x,main® ix,main y,main® iy,main z,main® iz,main

The next point on the main reflector is initially obtained with (4.23) and (4.24). The phase is
corrected to correspond to the spherical wave originating from the system focus by adjusting
the ray path to correspond the ray path length obtained with (4.18). This is achieved by

iteratively adjusting y,,,, With bisection until the path length error is smaller than the selected

error ¢. Typically, ¢ is selected to be a fraction of the wavelength. The ray path length is
computed from the known coordinates of the feed phase centre, the reflection points on the
reflectors, and from the ray end-point in the output aperture. The adjustment of y, .,

corresponds to moving the reflection point along the output ray towards or away from the
system focus. The reflector surface shape is simultaneously slightly changed, i.e., the phase is
corrected at the expense of the amplitude.

After the ray path length adjustment also the point on the main reflector is known and the
complete ray path is determined. The Snell’s reflection law can then be used to find the
surface normal vectors and the corresponding local tangential planes. This synthesis
procedure is repeated for all the rays starting from the ray grid centre and proceedings towards
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the aperture rim ring-by-ring in the grid and in counter-clockwise direction in the ray rings.
The local tangential plane for each ray is determined at the reflection point of the previous ray
in the radial direction in the ray grid.

4.1.5 Applicability of the synthesis procedure for different reflector
geometries

The developed synthesis procedure was implemented as modular MATLAB®-software to
facilitate potential modifications to the software. The synthesis procedure is in principle
independent of the reflector shape that is to be synthesised. This and the modular structure of
the programs allow the synthesis of various confocal dual reflector systems with relatively
minor modifications to the software.

Different shaped reflector configurations based on conic sections can be realised by defining
the corresponding output ray distribution, i.e., the input-output aperture mapping, and by
specifying the reflector foci and reflector locations appropriately so that the correct surface
based on the conic sections is realised. The selection of the foci and the reflector locations in
relation to the foci select whether the surface is an ellipsoid-type surface or a hyperboloid-
type shaped surface. A shaped parabolic main reflector can be synthesised by specifying the
output rays to have separate origins so that the output rays are parallel.

4.2 Accuracy of the synthesis method

The developed numerical synthesis procedure is based on ray tracing, i.e., on geometrical
optics (GO). As a numerical method, it is inherently approximate and it is based on high
frequency approximation of the Maxwell’s equations (GO). The factors affecting the accuracy
of the synthesis procedure are discussed in this section. Inaccurate synthesis procedure may
result to incorrect reflector surfaces and to deviations in the hologram illumination.

The ray tracing based geometrical optics approach to the synthesis of the dual reflectors does
not include diffraction effects and only the co-polarized field is included in the synthesis. The
diffraction effects and potential depolarisation, and their minimisation are discussed in
Chapter 5 together with the design of the dual reflector feed system. The approximations
made in the synthesis problem formulation decrease the accuracy of the synthesis. The
inaccuracies related to the numerical implementation of the synthesis procedure are discussed
next.

4.2.1 First-order model of the surfaces

In the synthesis procedure, the phase wave fronts (the equiphase surfaces) and the reflector
surfaces are approximated with local tangential planes. This first-order model is very simple
and approximate description of arbitrary curved surfaces. The resulting error in the
description of the surfaces can be reduced by increasing the number of rays in the ray grid,
1.e., by using a denser grid.

To estimate the error in the tangential plane approximation of a curved surface let us consider
the case of a spherical surface with radius R. The error in the surface is denoted with Ar and it
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is equal to the deviation of the tangential plane from the sphere. The angular spacing of the
rays in the spherical coordinates isA@ . The geometry is shown in Figure 4.7.

Figure 4.7 Representation of a spherical surface with tangential planes determined at an
anterior point.

The following expression can be derived from the geometry for Ar

Ar = R(«/l +tan’ AQ -1) : (4.25)

The error in the surface is cumulative as an anterior point is used in the determination of the
tangential planes and the total deviation after n approximations (rays) is

Ar,, = nAr = nR(\/l +tan’ A@ - 1). (4.26)

For example, when a spherical surface with the radius of the curvature R=200 mm and
nA@=15°, is described with local tangential plane with the maximum allowed error Ar,, of

AM100 at 300 GHz (10 pum) in the surface description, the required number of tangential
planes n, i.e., rays, is about 700. This number of rays is rather large and the error in the
synthesis due to this first order surface approximation of the reflector surfaces can be
significant. In the presentation of the electromagnetic field with local plane waves the error is
less significant as the actual field amplitude and phase are sampled at each point and the error
does not cumulate. The related geometry is shown in Figure 4.8.

ot

Figure 4.8 Representation of a spherical wave with plane waves.
The maximum error in the representation of a spherical wave with local plane waves occurs in

the centre of the flux tube. From the geometry it can be derived that the surface error Aris
given by
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Ar = R(1-cos(A0/2)), (4.27)

where R is the radius of the curvature and A€ is the angular spacing between the rays, i.e. the
flux tube width. For example, when the maximum allowed phase error is 10° at 300 GHz, i.e.,
Ar=27.8 pm, in the angular range of 10° for a spherical wave with R=1.8 m, the number of
flux tubes needed is 16. This error is much less significant than the error due to the
representation of the reflector surfaces with local tangential planes.

4.2.2 Numerical accuracy of the synthesis procedure

The accuracy of the developed ray tracing method depends on the number of rays used in the
synthesis. The surface description accuracy was discussed in Section 4.2.1 and (4.26) gives an
estimate for the resulting surface error. However, (4.26) may give somewhat high estimate on
the surface error as it is derived for a spherical surface and the actual radius of curvature
varies over a shaped reflector surface. Therefore, to study the effect of the numerical
inaccuracy in the reflector synthesis ideal non-shaped hyperbolic reflectors with focal points
corresponding to the focal points of the centre ray in the shaped reflector design were
synthesised using different sized ray grids.

The hyperboloid surfaces can be computed analytically from
Z=c—%1/b2 +x>+ 7, (4.28)

where b=+/c’ —a’ and a is half of the vertex distance and c is half of the distance between
the focal points. The Cartesian coordinates (x,y,z) define the coordinate system in relation to
the hyperboloid foci. Numerically determined reflector points are compared to the points
computed with (4.28). The focal points for the sub-reflector and main reflector hyperboloids
are known for the DRFS geometry defined by the parameters described in Figure 4.2. The
centre ray intercepts the hyperboloid at the reflector centre points and the parameters in (4.28)
can be easily solved. The geometry of this test DRFS is defined by the parameters presented
in Table 4.1.

Table 4.1 Selected DRF'S geometry.

D=736 mm a g, =90°
Sysiem =1800 mm A 10 =270°
fon =100 mm 0 ain=11.55°
S =100 mm 0 ea =21°
Fonain =1950 mm

o =150 mm
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The non-shaped hyperboloid surfaces do not shape the output beam and only the focal point
of the system is relocated. This non-shaped beam was used as the objective in the reflector
synthesis in this test. The computed maximum deviation of the synthesised reflector surfaces
from the hyperboloid surfaces as the function of the number of rays in the ray grid is shown in
Table 4.2.

Table 4.2 Error in the synthesised hyperboloid surfaces [O1].

Ray grid size N x M | Maximum deviation in the Maximum deviation in the
main reflector surface sub-reflector surface

54 x 51 36.9 um 32.0 pm

107 x 101 18.3 um 16.0 um

212 x 201 9.2 pm 7.9 pm

318 x 301 6.1 um 5.3 um

423 x 401 4.6 um 4.0 pm

529 x 501 3.7 pm 3.2 um

The deviation of the synthesised reflector surfaces from the hyperboloid surfaces is
approximately inversely proportional to the square root of the total number of rays used in the
synthesis procedure. It can be estimated based on this test that about 200 x 200 rays are
needed in the synthesis for maximum reflector surface error of A/100 at 300 GHz and about
400 x 400 rays are needed at 600 GHz. As an example, the surface deviation of the reflector
surfaces synthesised with 423 x 401 rays from the non-shaped hyperboloids are shown in Fig.
7. The shape of the deviations is similar with different number of rays.

5 5 ) ' ‘
'E' 4. . e E o ) ) . ‘
& : i k: .
[ e A /
3 e . @ o
00 S 00 T -
50 T~ T 80 50 T~ : e e e T B0
° T PR — o o h e e — 1]
50 T~ 50 50 T~ 50
y [mm] 100 100 x [mm] y [mm] 100 100 x [mm]
Sub-reflector Main reflector

Figure 4.9 Deviation of the synthesised sub-reflector and main reflector surfaces from
calculated hyperboloid surfaces when 423 x 401 rays were used [O1].
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As it can be seen in Figure 4.9 the synthesised surface shape deviates systematically from the
correct shaped due to the fact that the previous point in the radial direction on the reflector
surfaces is used to compute the next tangential plane on the surface. This extrapolation of the
next point from the previous point causes the surface shaping to lag slightly behind the correct
shape. The cumulative error seen in Figure 4.9 is similar to the error predicted by (4.26) and
the error is mainly caused by the first-order reflector surface model. Similar error can be also
observed when a DRFS with shaped dual-hyperboloids is synthesised with different number
of rays. The surface deviation of the DRFS reflectors when the DRFS described in the
Chapter 5 is synthesised with 423 x 401 rays compared to the same reflectors synthesised
with 634 x 601 rays is presented in Figure 4.10.

Surface deviation [um] Surface deviation [um]

<75 -50 -25 0 25 50 - - - 40

Figure 4.10 Surface deviation on the reflector surfaces:
a) main reflector,
b) sub-reflector.

The deviation in the surface shape is at its maximum on the reflector edges and the maximum
surface deviations with different numbers of the rays in the synthesis are collected into the
Table 4.3. With 423 x 401 rays, the maximum surface deviations are less than 5 um for both
reflectors, which corresponds well to the surface deviations in the case of the non-shaped
hyperboloids as can be seen by comparing Tables 4.3 and 4.2.

Table 4.3 Maximum reflector surface deviations as the function of the number of rays.

Rays 107 x 101 | 212 x 201 318 x 301 423 x 401 529 x 501
Main reflector | 39.9 um 17.7 pm 7.5 um 4.4 um 1.6 um
Subreflector | 45.1 um 20.0 um 8.4 um 5.0 pm 1.7 pm
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4.2.3 Aperture mapping

The accuracy of the dual reflector feed system synthesis depends not only on the accuracy of
the reflector surface synthesis, which was discussed in the previous section, but also on the
accuracy of the aperture mapping. The determined output ray distribution sets the objective
for the DRFS synthesis and any error in the synthesis objective naturally affects the accuracy
of the final output beam. The main source of the error due the aperture mapping is the
assumption of the rotationally symmetric fields in the input and output aperture as in general a
rotationally symmetric mapping is not possible [29] and the input aperture field is not in
reality rotationally symmetric as the primary feed has a non-symmetric radiation pattern. The
contribution of these effects is a part of the potential overall discrepancies in the DRFS
performance, which is studied with simulations and measurements discussed in Chapter 5.

In the aperture mapping, certain approximations are used to facilitate the numerical
calculations. Their effect on the numerical accuracy of the aperture mapping is discussed here.
The DRFS geometry was defined with the parameters presented in Table 4.1 and the output
aperture field is defined to have the phase of a spherical wave originating from the system
focus with a simple rotationally symmetric Butterworth-type amplitude distribution

a
E (p)= (4.29)

out [1+( '/pcj“’ B

where p’ is the radial distance in the polar coordinates in the output aperture. The following
values were selected: p.=210 mm and N=5. The output amplitude is scaled by factor a so that
the total power in the output aperture is equal to the power in the input aperture. To facilitate
the computation of the flux tube areas, the flux tubes in the circular aperture are assumed to
be quadrangles in Cartesian coordinates instead of the sections of circles in polar coordinates
as illustrated in Figure 4.11.

Flux tube Flux tube

Figure 4.11 Simplification of the input flux tube shape.

The resulting error in the total surface area of the flux tubes, when 421 x 401 rays are used, is
0.0041 % compared to the area of the aperture circle, which is can be considered negligible.
The total error due to the numerical determination of the aperture mapping can be estimated
by computing the average amplitude within each flux tube in the output aperture from the
propagating power P, (nmbe , mw,,e) and from the flux tube area d4 (nwbe , mmbe)
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Eave,out (ntube s mtube ) = (430)

\/ ﬂpm (ntube > mtube )
dA (ntube ’ mtube ) ’

where the flux tube area is computed from the known corner ray coordinates in the output
aperture. This average amplitude £, , (nmbe,mmbe) is compared to the amplitude computed

with (4.29) at the flux tube center. The radiation pattern of a 310 GHz corrugated feed horn is
used to compute the input aperture field and the propagating power P, (nmbe N )in each flux

tube. The beam of the horn is slightly narrower in the vertical direction than in the horizontal
direction: at the rim of the input aperture, the edge illumination is -19.6 dB in the horizontal
plane and -19.77 dB in the vertical plane. The result of the comparison of the amplitude in the
output aperture computed from the flux tubes to the desired aperture field within a 600 mm
diameter centre region of the output aperture is shown in Figure 4.12.
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Figure 4.12 Amplitude deviation in the synthesis objective field compared to the desired
output aperture amplitude.

The maximum deviation is about 0.15 dB, which is close to the non-symmetry in the input
beam. The -3 dB beam width in the output is about 0.5 % wider in the objective beam in the
synthesis than in the desired output beam. This deviation seems to indicate that the numerical
accuracy of the aperture mapping is sufficient, but the assumption of a rotationally symmetric
fields (and mapping) is a more significant error source, especially as such a mapping is not
exactly realisable with offset reflectors.
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5 Design of the dual reflector feed system for a CATR
based on hologram

The developed dual reflector feed system (DRFS) synthesis procedure was used to design a
demonstration DRFS for a compact antenna test range based on a hologram. The design of the
DREFS is discussed in this chapter and the main steps in the design of the system are shown in
Figure 5.1.

Specification of the input
and output fields

v

Geometrical design of the system

¥

Reflector synthesis

v

Reflector edge treatment

v

Processing of data for simulations
and DRFS manufacturing

v

Simulations of the DRFS operation

Satisfactory
erformance?

Mechanical design of the quasi-optics

Figure 5.1 The design of the dual reflector feed system.
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The design of the DRFS begins with the specification of the input field (the radiation of the
primary feed) and the desired hologram illumination, which is the output field of the system.
Then the geometry of the DRFS is specified with the locations of the reflectors and the conic
sections corresponding to the shaped reflectors are selected before the synthesis of the shaped
surfaces. After the synthesis the reflector edges are shaped to reduce edge diffraction and the
reflector surface data is formatted for the simulations of the reflector operation and for
manufacturing the designed DRFS. The design of the DRFS is verified with simulations of
the DRFS radiation using physical optics (PO) and physical theory of diffraction (PTD)
analysis with commercial reflector antenna simulation software GRASP by Ticra. Finally, the
physical structure of the DRFS is determined in the mechanical design of the system.

5.1 Definition of the input and output fields

In the reflector synthesis, the reflector surface is determined from the given incident
electromagnetic field, i.e., input field, and from the specified reflected electromagnetic field,
i.e., the output field. As the input field is transformed by the reflectors in the dual reflector
feed system to the output field, the natural starting point of the DRFS design is the
specification of these fields. At this point, the number of the rays in the synthesis is also
selected.

5.1.1 Definition of the input aperture field

The input field entering the dual reflector feed system is specified in the input aperture, which
is defined as the circle centred around the point where the centre ray intercepts the sub-
reflector (see Figure 4.2) with the rim radius p,, .. given by

pin,max = tan Hféed sub (5 1)

where 0, is the half-beam width of the feed horn corresponding to the selected edge

illumination taper of the sub-reflector and f,, is the distance of the feed horn from the sub-
reflector centre, i.e., the focal length of the sub-reflector hyperboloid.

The input rays form co-centric rings in the input aperture (see Figure 4.4) and the amplitude
of the electric field at the ray locations at the nodes of the ray grid can be computed from the
radiation pattern of the primary feed as the sub-reflector is in the far-field of the primary feed.
The input aperture field amplitude for each ray is determined from the radiation pattern of the
primary feed by interpolation from the horizontal and vertical pattern cuts, i.e., by assuming
the equi-amplitude contours in the pattern to be elliptical. The amplitude £, (6’, ¢) for the ray

with spherical coordinates (0,¢) with the origin at the primary feed phase centre (sub-
reflector hyperboloid focus) is computed from the horizontal and vertical electrical fields with

E,(0.4)=+E,, (0)cos*(¢)+ E,, > (0)sin*(g), (5.2)
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where E, and E , are the amplitudes in the horizontal and vertical pattern cuts of the

primary feed pattern. The interpolation of the electric field amplitude from the pattern cuts is
illustrated in Figure 5.2.

Figure 5.2 Determination of the amplitude for the input rays from the horizontal and vertical
cuts of the primary feed pattern.

The primary feed used is a corrugated horn with a 4-mm diameter aperture radiating a

Gaussian beam at 310 GHz. The same horn is used to illuminate holograms directly when the
DREFS is not used. The theoretical radiation pattern of the feed horn is shown in Figure 5.3.
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Figure 5.3 Feed horn pattern cuts: a) amplitude and b) phase.

Typically, the measured radiation of the corrugated horns corresponds very well to the
theoretical predictions at sub-millimetre wavelengths [101]. The measured radiation pattern of
a 600 GHz corrugated horn manufactured by the manufacturer of the horn used, Thomas
Keating Ltd, shows also a good agreement to the theory [102]. The radiation of the feed used
in the DRFS was measured at 310 GHz by the author of this thesis and by others with
reasonable agreement to the theoretical radiation pattern considering the estimated
measurement uncertainty, and, therefore, it was concluded that the theoretical radiation
pattern can be used to compute the input aperture field in the DRFS design. After the designed
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DRFS had been tested, the radiation pattern of the feed horn was verified with planar near-
field measurements as more precise measurements were then possible. The measured feed
horn patterns are shown in Figures 6.21 and 6.22 and they correspond well to the theoretical
pattern.

The number of rays in the input aperture grid, and in the synthesis, was selected to be 423 x
401, i.e., 400 x 400 flux tubes, and 22 extra tubes were selected to extent the output aperture
grid outside the actual hologram aperture to ensure that no interpolation oscillations or other
computation effects near the rim of the computation space occur inside the hologram aperture.
The amplitude for each ray is computed using (5.2) and the phase is specified in the output
aperture with the ray path length. The phase pattern of the feed horn was not taken into the
account in the reflector synthesis, but it could have been included into the synthesis by
including the phase as a path length difference in the desired ray path length, which is
specified for each ray.

5.1.2 Definition of the output aperture field

The output field leaving the dual reflector feed system is specified in the output aperture. The
output aperture rim is formed by the circle centred at the point where the centre ray intercepts
the hologram aperture (see Figure 4.2) with the rim radius p,,, ..., given by

pout,max = D/2 = tan emainf

system >

(5.3)

where D is the diameter of the output aperture, 6 _ is the half-beam width of the main

reflector, i.e., the DRFS, and £, is the focal length of the system.

)stem

The output aperture amplitude £, is specified in a similar evenly spaced polar grid as in the

out
input aperture. A simple Butterworth-type amplitude function was selected for the hologram
illumination , i.e.,

a
E (p)= (5.4)

out \/W )

where p " is the radial distance in the polar coordinates in the output aperture and the following
conservative values were selected for a DRFS demonstration: p.=210 mm and N=5. The edge
taper was selected to be below -15 dB to reduce edge diffraction and the order of the
Butterworth-function was kept low to avoid highly shaped reflector surfaces. The
demonstration DRFS is designed to illuminate a 600-mm diameter hologram, but p. scales
accordingly for larger holograms if the F/D-ratio of the hologram is the same as the output
beam has then the same angular width in the spherical coordinates. The selected hologram
illumination in the hologram aperture is illustrated in Figure 5.4.
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Figure 5.4 [l/lumination in the hologram aperture.

5.2 Geometrical design

The geometry of the dual reflector feed system structure is defined by the locations of the
reflectors and the primary feed in relation to each other, by the focal lengths of conic sections
corresponding of the DRFS structure, and by the offset angles of the reflectors and the
primary feed. The DRFS geometry has an effect on the performance of the DRFS, i.e., the
achievable performance is affected by the basic DRFS structure.

5.2.1 Factors to be considered in the selection of the DRFS structure

In this section, the factors affecting the selection of the DRFS geometry are discussed. For
example, the following issues have to be considered in the selection of the DRFS structure:

Direct radiation from the primary feed
Far-field requirements

Multiple reflections

Edge diffraction

Cross-polarisation

Mechanical design and manufacturability.

5.2.1.1 Direct radiation from the primary feed

The direct radiation from the primary feed to the hologram aperture would cause disturbances
to the hologram illumination and it has to be eliminated by blocking the hologram aperture
with the sub-reflector surface from the feed horn. Similarly, the direct illumination of the
main reflector by the primary feed has to be avoided by pointing the feed horn away from the
main reflector. Also, the spill-over from the reflectors should not intercept the hologram
aperture. In order to realise this, the offset angles and focal lengths of the reflectors (and the
distance between them and the primary feed) have to be chosen carefully.

89



5.2.1.2 The far-field requirement

The DRFS synthesis is done using a geometrical optics (GO) based synthesis procedure, in
which the -electromagnetic fields are approximated with local plane waves. This
approximation is valid only in the far-field. Hence, in this sense the distances between the
reflectors and the primary feed should be maximised. The minimum far-field distance is given
by (3.1). The primary feed of the DRFS is a corrugated horn with a 4-mm aperture at 310
GHz and the far-field distance is then approximately 33 mm.

5.2.1.3 Edge diffraction disturbances

A discontinuity in the reflector surface, such as an edge, causes diffraction. Edge diffraction is
discussed in more detail in Section 2.5.5 of this thesis. The disturbances in the DRFS beam
caused by the edge diffraction, i.e., ripple, should be minimised and the best way to achieve is
to minimise the edge illumination by using a large input and output beam-width in relation to
the radiation pattern of the corrugated horn used. Additionally, suitable edge treatment can be
used to reduce the edge diffraction. The possible edge treatments used for CATR reflectors
are briefly discussed here.

An alternative and complementary approach to lowering the edge illumination on the
reflectors is to shape the edge to reduce the diffraction coefficient and to direct the diffracted
field away from the direction of the desired radiation. This can be achieved using serrations
[103], rolled edges [103—105] or resistive sheets (R-cards) [106] or coatings.
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Figure 5.5 Different reflector edge treatments to reduce edge diffraction
a) serrated edge [103]

b) rolled edge [104]

¢) R-card fence [106].

The serrations reduce the overall edge diffraction as the diffraction from a corner (or a tip) is
lower than the diffraction from a straight edge and the diffracted fields are directed outside the
desired radiation direction [103]. A rolled edge can be used to reduce edge diffraction as the
diffraction from a rolled edge is lower than from a straight edge as the discontinuity in the
reflector surface is smaller and the rolled edge also directs the reflected field away from the
direction of the desired radiation. The diffraction can be minimised further by using a blended
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rolled edge [105]. The discontinuity in the junction of the reflector surface and the rolled edge
due to the change in the radius of the curvature is minimised by blending the reflector surface
gradually with the ellipse forming the rolled edge. This approach gives the lowest edge
diffraction in a reflector-based CATR [103].

A different approach is to use resistive sheets or coatings to reduce the edge diffraction
disturbances. The discontinuity related to the reflector edges can be reduced by using a
resistive coating to gradually decrease the reflectivity of the surface towards the edge.
Resistive sheets, or R-cards as they are also called, can be placed in front of the reflector
edges [106]. The R-cards with gradually decreasing transmittance introduce an amplitude
taper to the reflector aperture, i.e., gradually decrease the edge illumination to reduce edge
diffraction. Additionally, the geometry of the R-cards can be selected so that they also reflect
the unwanted fields away from the direction of the desired field. At sub-millimetre
wavelengths suitable resistive materials with controllable resistivity may not be easy to
manufacture and this approach is probably not very feasible.

5.2.1.4 Cross-polarisation level

The total cross-polarisation level in the beam of an reflector antenna is caused by the
depolarisation in the antenna and by the cross-polarised field of the primary feed, which is
reflected from the reflectors. The asymmetrical structure of an offset reflector causes
depolarisation and the offset angle affects the cross-polarisation level in the output beam. In a
dual reflector system, such as a Cassegrain-antenna, the cross-polarisation level can be
optimised by compensating the depolarisation caused by the main reflector with the
depolarisation caused by the sub-reflector by selecting the offset angles properly [6]. The
structure is then equivalent to a front-fed reflector antenna.

A compensated structure can be designed for hyperboloidal and ellipsoidal dual reflector

antenna also. The condition for the equivalent front-fed reflector is in this generalised case
[107]

2\ .
B emain (l - esub )Sln o

tan f3 = (5.5)

emam (1 + esub2 )COS a- esub (1 + emain2 ) ’
where a is the tilt angle of the sub-reflector axis in relation to the main reflector axis, f is the
angle between the sub-reflector axis and the primary feed axis, e, . is the eccentricity of the

main

main reflector, and e, is the eccentricity of the sub-reflector. The DRFS geometry should

be selected so that (5.5) is satisfied in order to minimise the cross-polarisation level in the
hologram illumination.

The effect of the type of the conic section used as the baseline for the DRFS configuration on
the achievable cross-polarisation level has been studied in [108]. In [108], the lowest cross-
polarisation levels when a spherical reflector is illuminated with a DRFS are achieved when a
dual shaped ellipsoid or a dual shaped hyperboloid configuration is selected. This conclusion
indicates that a properly designed dual ellipsoid or a dual hyperboloid structure should be a
favourable solution for a low cross-polarisation level in the hologram illumination.
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5.2.1.5 Multiple reflections and manufacturability of the DRFS

The reflections inside the dual reflector feed system may cause disturbances to the beam
illuminating the holograms. Multiple reflections between the reflectors may cause a standing
wave, which causes disturbances to the DRFS beam. The internal reflections can be
minimised by covering the structures outside the reflector surfaces with absorbing material
and the multiple reflections can be minimised by proper selection of the DRFS geometry.
Keeping the offset angles and distances between the reflectors large in relation to the reflector
size reduces the potential reflections between the reflectors.

The manufacturing costs for the DRFS increase dramatically if the system size becomes large
as the manufacturing tolerances should be better than or of the order of A/100, i.e., about 10
um at 310 GHz. The size of the reflectors should be kept to the minimum to reduce the costs
and the overall dimensions should be minimised to keep the DRFS structure compact and
reasonably light. Unfortunately, these requirements are mostly in contradiction with the other
factors that have to be considered in the DRFS design.

5.2.2 Selected dual reflector feed system structure

The factors described in the Section 5.2.1 have to be taken into the account when selecting the
dual reflector feed system structure. As the factors often cause contradictive requirements for
the DRFS structure, design trade-offs have to be carefully considered.

A dual shaped hyperboloid configuration was selected as it allows a reasonably compact
structure for a diverging beam and in principle a low cross-polarisation level in the beam
[108]. The distance of the primary feed from the sub-reflector ( f,,) was selected to be 100
mm to ensure that all the parts of the sub-reflector are well in the far-field of the corrugated
horn and the local plane wave assumption is valid. To reduce edge diffraction disturbances the
edge illumination on the sub-reflector, i.e., the taper at the input beam edge was selected to be
about -17.5 dB, which resulted in to the input half-beam width (6, ) of 20°. The focal length

of the system ( ., ), 1.€., the hologram focal length, was selected to be 1800 mm with the

hologram diameter of 600 mm. The output aperture diameter D is slightly larger than the
hologram, D=700 mm, as the beam has to be well controlled also outside the hologram
aperture rim. The corresponding output half-beam width (4, ) 1s 11°.

main

The DRFS geometry is defined by selecting the appropriate focal length £, for the main
reflector, the distance between the reflectors r,, , the distance between the output aperture and

the main reflector r,,, (see Figure 4.2), and by selecting the offset angles for the reflectors

(au, and ag,,). The sub-reflector was placed between the primary feed and the output
aperture. The selection of the geometry was done by plotting the beam, the reflector edges,
and possible spill-over directions for various configurations and by selecting the one of the
potential designs, which allowed the smallest reflector size and a compact, simple structure
with sufficient space for the transmitter behind the primary feed. This graphical approach was
used as the systematic optimisation of the DRFS geometry would have been a very
complicated multi-parameter optimisation problem. The manufacturability and the
compactness of the structure were favoured instead of minimising the cross-polarisation with
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(5.5). The selected parameters are listed in Table 5.1 and the structure is illustrated in Figure
5.6.

Table 5.1. Selected values for the parameters defining the DRF'S geometry.

Output aperture diameter D 700 mm
System (hologram) focal length £, ., 1800 mm
Main reflector focal length f, . 375 mm
Sub-reflector focal length £, 100 mm
Main reflector distance from the output aperture r,,,, 1550 mm
Sub-reflector distance from the output aperture r,,, 150 mm
Sub-reflector offset angle «,,, 90°
Feed offset angle a ,, 270°
Half-beam width for the input beam 6, 20°
Half-beam width for the output beam 6,,,;, 11°
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Figure 5.6 The selected DRF'S geometry.

The selected parameters in the Table 5.1 define a concave hyperboloid-type sub-reflector and
a convex hyperboloid-type main reflector.
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5.3 Determination of the reflector surfaces

The reflector surfaces are determined from the known primary feed radiation and from the
desired hologram illumination using the synthesis procedure described in Chapter 4. The
number of flux in the synthesis is selected to be 400 x 400. The number of flux tubes is
increased to 422 in the radial direction to allow extra tubes outside the output aperture in
order to avoid potential interpolation oscillations and other numerical disturbances to the
synthesised reflector surfaces. These extra tubes increase the output aperture diameter to
D=736 mm and the corresponding half-beam widths for the input and output beams are
0 ea=21° and 6,,,,=11.55°, respectively. The total number of rays used in the synthesis is

423 x 401.

5.3.1 Synthesised reflector surfaces

The reflector surfaces were synthesised with 423 x 401 rays. The resulting reflector surfaces
are shown in Figure 5.7.

z [mm]
N

y [mm] x [mm] y [mm] x [mm]

Sub-reflector Main reflector

Figure 5.7 Synthesised sub-reflector surface (inverted for clarity) and main reflector surface
[O1].

The concave sub-reflector size is about 114 mm X 78 mm X 4.3 mm and the convex main
reflector size is 147 mm % 103 mm x 2.5 mm.

5.3.2 Reflector edge treatment

The reflector surfaces are milled onto metal plates. The transition from the shaped synthesised
reflector surface to the flat metal plate is a discontinuity in the surface, which acts as a
diffraction source. The disturbances to the DRFS beam have to be minimised with a suitable
treatment of this transition.

The methods to reduce reflector edge diffraction were discussed in Section 5.2.1.3. The
serrations are not applicable to the treatment of the transition from the shaped surface to a flat
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surface and resistive coatings or sheets are not very practical at sub-mm waves. Therefore, the
only possibility is to use a rolled or rounded transition to reduce diffraction. The blended
rolled edge has been found to be very efficient in reducing diffraction ripples in the quiet-zone
of a reflector-based CATR [103]. A simple rounding is added to the synthesized surface to
reduce the discontinuity in the transition to the flat plate surface from the shaped surface.

The reflector rim is numerically specified and the points on the rim are not on a plane so a
plane is fitted to the synthesized reflector aperture. This plane is then relocated outside the
reflector rim above the reflector plate surface and the reflector surface is then linearly
extrapolated to this plane as the distance to this plane is slightly different for each computed
point on the rim. The extrapolated part was selected to be at minimum 50 pm high. The
transition from the shaped reflector surface to the surface of the metal plate is rounded by
fitting an arc of a circle to the transition at each point of the rim. The height of the rounding
was selected to be A/4 at 310 GHz (about 240 um) and the radius of the rounding is selected
so that the surface tangent, i.e., the first derive of the surface, is correct at the end of
extrapolated part and on the metal plate surface. For more efficient diffraction reduction, the
higher order derivatives of the surface should be also considered. The reflector edge treatment
is illustrated in Figure 5.8.

Metal plate surface

~240pum  Rounding

>50 um  Extrapolated part

Synthesized surface

Figure 5.8 Reflector edge treatment.

The reflector sizes are increased to 122 mm X 83 mm X 4.6 mm and 165 mm X 119 mm x 2.8
mm for the sub-reflector and the main reflector, respectively.
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5.3.3 Final reflectors

The synthesised reflector surfaces with the rounded transition are manufactured by milling the
surfaces on metal plates. This structure is modelled in the simulations by adding a flat plate
around the rounded edge. The structure is shown in Figures 5.9-5.11.

2imm]

Subreflector surface (inverted)

Figure 5.9 The reflector surfaces.
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Figure 5.10 Horizontal cross-cuts of the reflector plates.
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Figure 5.11 Vertical cross-cuts of the reflector plates.

5.4 Verification of the DRFS operation with simulations

The dual reflector feed system design is verified and optimised using GRASP-simulations of
the radiated beam. The design described in Section 5.3 is the final DRFS design and the
simulation results are presented here for this design. The design could have been optimised
further if higher beam quality had been required.

5.4.1 Modelling of the dual reflector feed system in simulations

In the simulations, the reflector surfaces were described with 5028 irregularly spaced points
picked from the synthesised reflector points so that a sufficient density of the points was
ensured in the shaped region of the reflector surfaces, in the rounded edge and in the flat plate
outside the rounded reflector rim. The flat plate represents the metal plate on which the
reflector surfaces are milled. These surfaces were cut along elliptical rims specified by the
horizontal and vertical half-axes, which were selected to be 62 mm and 42 mm for the sub-
reflector, and 85 mm and 60 mm for the main reflector as shown in Figure 5.9.

The primary feed, a 310 GHz corrugated horn, was modelled in GRASP as a tabulated feed,
i.e., it was specified numerically with the simulated half-beam amplitude and phase pattern
cuts at the vertical polarisation (see Figure 5.3 for the horizontal and vertical cuts). The cross-
polarised pattern in the diagonal cut with the assumption of a rotationally symmetric pattern
was used in some early simulations of the co-polarised field. This is a somewhat inaccurate
estimate of the cross-polarisation level of the actual horn used in the vertical pattern cut and in
the horizontal pattern cut. In later cross-polarisation simulations, the cross-polarisation level
of the corrugated horn was assumed zero in the horizontal and vertical cuts.

5.4.2 Analysis of the dual reflector feed system

The GRASP simulations were done using physical optics (PO) and physical theory of
diffraction (PTD) analysis of the reflector radiation. These reflector antenna analysis methods
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are described in Section 2.2 of this thesis. In the PO, the equivalent surface current is
computed from the incident field at each computation point and the radiation of the current
elements on the reflector surface is then computed. In the PTD, the currents on the reflector
rim are computed from the incident field using the diffraction coefficients and the radiation of
these PTD current elements can then be determined.

A sufficiently large number of the current elements is needed for the convergence of the
analysis, i.e., to ensure that the computed radiation in the angular range under investigation
does not depend on the selection of the current elements on the reflector surfaces. In GRASP,
the current elements are defined in a polar grid with po/ and po2. A rule-of-thumb to estimate
the number of current elements needed for a single shaped reflector is given in [17] as

1=3 SDX (5.6)
po SR )
D,
po2 = 3.57 , (5.7)

where D, and D, are the reflector dimension in the x- and y-direction, respectively, and 4 is

the wavelength. Using (5.6) and (5.7), the number of current elements needed is estimated to
be 440 x 300 (pol % po2) for the sub-reflector, and 600 x 420 for the main reflector. The
number of the edge current elements in the PTD is equal to po2. These estimates for the
required number of the surface current elements were tested by reducing the number of the
current elements slightly and comparing the result to the DRFS radiation incident on the
hologram aperture computed with these values. No difference was noticed and the number of
the current elements for all the simulations was selected to be 440 % 300 on the sub-reflector
and 650 x 420 on the main reflector, respectively. The number of the current elements is
limited by the computation time, which increases roughly in proportion to the square of the
current element number on each reflector. In GRASP8W, there is an automated tool for
computing the number of current elements required for a given level of convergence and it
was used later after these simulations to verify that there were a sufficient number of current
elements in the PO analysis. The required number of the current elements obtained with the
convergence test in GRASP8W for convergence at the -120 dB level in the DRFS radiation
was 233 x 536 for the sub-reflector and 154 x 268 for the main reflector. This result confirms
that the selected number of the current elements is sufficient for the simulation of the DRFS
radiation incident on the hologram aperture.

The DRFS analyses is performed as follows in GRASP: first, the incident field on the sub-
reflector is computed from the primary feed radiation and then the induced 440 x 300 surface
currents are determined using PO and 300 edge current elements are calculated for the PTD
analysis. Second, the fields radiated by these surface current elements are computed and the
induced currents by these fields are determined at the 650 x 420 points on the main reflector
(and at 420 points on the main reflector rim). Finally, the fields radiated by these surface
current elements on the main reflector are integrated at the specified output field computation
points to get the simulated radiation of the DRFS. Typical computation time for obtaining
simulated beam cuts for the DRFS with these surface current elements was up to 50 hours on
a PC depending on the number of points, where the field was computed.
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5.4.3 Co-polarised DRFS beam

The dual reflector feed system was designed to operate at the linear vertical polarisation as
this is the polarisation of the holograms fed directly with a corrugated feed horn. The incident
field on a 600 mm diameter hologram aperture located at the distance of 1800 mm from the
system focus was simulated with GRASP at the frequency of 310 GHz. The horizontal and
vertical cuts of the complex aperture field and the two-dimensional contour maps were
computed. The simulated amplitude and phase in the aperture cuts are shown in Figure 5.12
together with the desired rotationally symmetric hologram illumination. The phase is
presented as the phase deviation from a spherical wave originating from the hologram focus
located 1800 mm from the hologram and the amplitude is normalised to 0 dB at the beam
centre. The two-dimensional contour maps of the simulated hologram illumination radiated by
the DRFS are presented in Figure 5.13.
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Figure 5.12 Simulated cross-cuts of the hologram aperture illumination at 310 GHz [O1]:
a) amplitude,
b) phase deviation from the spherical wave.
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Figure 5.13 Simulated contour maps of the hologram aperture illumination by the DRFS at
the frequency of 310 GHz [O1]:

a) amplitude

b) phase deviation from the spherical wave
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The simulated DRFS beam corresponds well to the desired hologram illumination at 310
GHz, but the simulated beam is slightly narrower than the objective beam. The deviations are
the largest in the shoulder of the beam, where the beam and the reflectors are most shaped.
The central region of the beam illuminating the hologram is most significant for the quiet-
zone field quality and the deviations from the desired hologram illumination there are
typically 0.6 dB peak-to-peak in the amplitude and less than 20° in phase. The phase
curvature can be mostly compensated in the central region by moving the DRFS closer to the
hologram aperture. The hologram edge illumination varies between -17 dB and -18.7 dB,
which together with the non-symmetrical reflector shapes causes non-symmetrical diffraction
ripples. The maximum and typical simulated ripples and deviations are summarised in Table
5.2.

Table 5.2 DRF'S beam width and beam deviation in different simulated beam crosscuts.

-3 dB | Maximum Typical Maximum
beam | amplitude ripple | amplitude ripple | phase
width | peak-to-peak peak-to-peak deviation
Desired illumination | 6.7° - - -

Horizontal cut 6.0° 0.9 dB 0.4 dB 18°
Diagonal cut 6.0° 0.9 dB 0.6 dB 19°
Vertical cut 6.1° 0.6 dB 0.6 dB 20°

As the DRFS design is based on the geometrical optics, the beam shape in the angular domain
is in principle independent of the radial distance, i.e., the beam shape does not change as the
function of the distance. This was investigated by simulating the radiation of DRFS at
different distances ranging from 0.9 to 10.8 metres (0.5 to 6 times the designed nominal focal
length of the system). The results are shown in Figures 5.14 and 5.15.

‘ Amlplituf.le [dIB] )
Amplitude [dB]

_5>\ P
-1

R
5
0

. Dy
8 ) i
[ z[m]

N
S
Theta [deg] 0T
-5 0 -5 0

—, &, (m Theta [deg]

a) b)
Figure 5.14 Simulated normalised DRF'S beam amplitude at 310 GHz:

a) horizontal cut,
b) vertical cut.
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Figure 5.15 Simulated normalised DRF'S beam phase deviation at 310 GHz:
a) horizontal cut,
b) vertical cut.

The same DRFS can be used to illuminate a hologram of any size provided that the ratio of
the hologram aperture D and the focal length f ,, remains the same, i.e., f /D =3 and

system
the distance between the DRFS and the hologram is sufficiently large so that the hologram
can be considered to be in the far-field of the DRFS. The far-field assumption and the
variation of the DRFS beam as the function of the distance is discussed further in Section
54.54.

5.4.4 Cross-polarised dual reflector feed system beam

The cross-polarised field is at the linear horizontal polarisation and this field component in the
hologram illumination propagates also to the quiet-zone of the hologram in a CATR.
Therefore, it should be minimised in order to minimise the final cross-polarisation level in the
quiet-zone. The driving factor in the DRFS design was the manufacturability of the system
and the cross-polarisation performance was not completely optimised. The cross-polarisation
level in the hologram illumination radiated by the DRFS was simulated at 310 GHz using
GRASP; the simulation results are shown in Figure 5.16. The simulated cross-polarisation
level in the DRFS in the diagonal cut of the primary feed pattern (the input beam of the
DREFS) and the cross-polarisation level in the diagonal DRFS beam cut on the hologram
aperture are shown in Figure 5.17.
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Figure 5.16 Simulated cross-polarisation level in the DRFS beam cut at 310 GHz:
a) horizontal cut,
b) vertical.
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Figure 5.17 Simulated cross-polarisation level in the diagonal beam cut at 310 GHz:
a) feed horn,
b) dual reflector feed system.

As can be seen in Figure 5.17, the cross-polarisation level is higher in the output of the DRFS
(about -24 dB at maximum) than in the input of the DRFS (about -43 dB). The DRFS causes
depolarisation of the field and the cross-polarisation performance should be optimised with a
proper selection of the DRFS reflector offset angles if a lower cross-polarisation level is
desired.

5.4.5 Effect of the non-idealities on the simulated DRFS beam

The numerical approximations and their effect on the accuracy of the reflector surface
synthesis are discussed in Section 4.2. In this section, the effect of the physical phenomena
which are not included in the DRFS design, are discussed. The most important phenomena are
the diffraction and the depolarisation of the field. In the synthesis procedure, the sub-reflector
is assumed to modify only the amplitude of the field and the main-reflector is assumed to
correct the phase without modifying further the amplitude, i.e., the amplitude and phase are
assumed decoupled. This assumption is not exactly correct and it causes an error in the DRFS
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synthesis. The output aperture, i.e., the hologram aperture, is also assumed to be in the far-
field of the DRFS in the synthesis, but it is actually in the radiating near-field. This may result
into inaccuracy in the DRFS design.

5.4.5.1 Edge diffraction

The discontinuities in a reflector surface, such as a change in the radius of the curvature and
an edge, cause diffraction. These effects are discussed in Sections 2.2.5 and 5.3.2. As the
DREFS reflectors are shaped and they are finite in size, diffraction plays a major role in the
DREFS operation. The diffraction effects are not included in the ray-tracing based synthesis of
the reflectors and GRASP simulations were used to verify the performance by simulating the
edge diffraction using PTD as described in Sections 2.2.5.2 and 5.4.2.

The transition of the synthesised shaped reflector surface to the flat metal plate was rounded
as described in Section 5.3.2. The rounding was added to the reflector surfaces after relatively
large diffraction ripples were noticed in the first simulations of the designed DRFS structure.
The effectiveness of this simple rounding in reducing the ripples is illustrated in Figures 5.18
and 5.19, where the rounded transition is compared to the untreated edges of the synthesised
reflector surfaces. The curves have been shifted for clarity.
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Figure 5.18 Effect of shaped reflector edge rounding on the simulated amplitude ripple:
a) horizontal cut of the hologram aperture,
b) vertical cut of the hologram aperture.
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Figure 5.19 Effect of shaped reflector edge rounding on the simulated phase ripple:
a) horizontal cut of the hologram aperture,
b) vertical cut of the hologram aperture.

With the rounded transition, the amplitude ripple in the centre of hologram illumination is
reduced from approximately 1.0 dB peak-to-peak to about 0.4 dB peak-to-peak. The phase
ripple is reduced from about 9° to about 5° peak-to-peak. If a further reduction in the
diffraction ripples is needed, a more advanced transition with more gradual change in the
shape of reflectors could be designed by minimising the second and higher order derivatives
of the surfaces in the transition from the shaped surfaces to the planar surfaces.

The diffraction effects could be investigated further by using only geometrical optics to
analyse the DRFS radiation so that only the reflected field is computed and by comparing this
field to the field including the diffraction using PTD. Unfortunately, the multi-object GTD
analysis needed for this is an add-on to the GRASP and it was not available for this work. The
development of in-house GO analysis software was considered to be outside the scope of this
work.

5.4.5.2 Depolarisation of the field

The DRFS synthesis is carried using only the co-polarised field (vertical polarisation) and as
the field is depolarised by the DRFS as discussed in Section 5.4.4, a design error may result
from ignoring the potential depolarisation power loss. The effect of the field depolarisation on
the DRFS beam was investigated by comparing the simulated co-polarised field component
incident on the hologram aperture to the total field amplitude of all the field components. The
total field is formed by the x-, y- and z-direction field vectors, i.e., by the cross-polarised and
co-polarised field components and by the field component in the direction of the propagation
as the hologram aperture is in the radiating near-field of the DRFS. The deviation of the co-
polarised field amplitude from the total field amplitude is shown in Figure 5.20.
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Figure 5.20 Deviation of the co-polarised field amplitude from the total field amplitude:
a) in the horizontal cut of the hologram aperture,
b) in the vertical cut of the hologram aperture.

The co-polarised field component is at maximum about 0.4 dB lower than the total field
amplitude at the rim of the hologram aperture at »=300 mm. In the horizontal cut, no
significant difference is observed as the maximum deviation is less than 0.01 dB. The
reliability of the simulated cross-polarised field is somewhat affected by the limited data on
the cross-polarisation performance of the primary feed horn, but as the depolarisation by the
DREFS is in any case much larger than the feed horn cross-polarisation, it can be concluded
that the depolarisation of the field in the DRFS narrows slightly the DRFS beam. The
simulated beam is narrower than the objective hologram illumination as can be seen in Figure
5.12. However, the depolarisation of the field is not significant enough a factor to explain
alone the narrower simulated DRFS beam than the objective at the hologram edge, but it is a
partial cause for the beam narrowing. For more accurate DRFS design, the depolarisation
could be also considered in the DRFS synthesis.

5.4.5.3 Assumption of decoupled field amplitude and phase

In the DRFS synthesis, the sub-reflector is assumed to modify only the amplitude of the beam
and the main reflector is assumed to correct the phase without altering the amplitude. In
reality, the field amplitude and phase cannot be decoupled as they cannot be determined
independently of each other. A change in the field amplitude will also cause a change to the
phase of the field. This can be understood by considering a ray bundle in ray-optics. The
spacing of the rays determines the flux tubes and the amplitude of the field (or the power
density) and the ray path length defines the phase. In general, it is not possible to change the
ray spacing (defined by the ray directions and the propagated distance) without affecting the
relative length of the rays.

In the DRFS synthesis procedure, the phase is corrected by adjusting the ray path length by
moving the reflection point on the main reflector along the output ray. This correction does
not allow the amplitude to change as the output ray spacing remains the same. Unfortunately,
the fixed output amplitude prevents further correction of the phase beyond what is shown in
Figure 5.12. In order to reduce the phase deviation from the ideal spherical wave more, the
amplitude should be also modified. For example in [33], a floating aperture mapping is used
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to change the ray distribution in a controlled fashion. A more precise synthesis procedure
would require simultaneous modification of the amplitude and phase for the best performance.

5.4.5.4 Far-field assumption

In the far-field of an antenna, the radiation pattern is not dependent on the distance, and in the
near-field, the radiated beam depends on the distance. The dependence on the radial distance
is stronger near the antenna and it weakens when the observation point is moved further away
from the antenna. In the geometrical optics based synthesis procedure, it is assumed that the
output aperture (the hologram aperture) is in the far-field of the DRFS and the radiated field is
solely the GO reflected field from the reflectors. The far-field distance for the main reflector
of the DRFS computed with (3.2) is about 50 metres. The validity of the far-field assumption
at the shorter distances can be tested by comparing the simulated DRFS beam at different
distances as shown in Figures 5.14 and 5.15. The cross-cuts of the beam at a few different
distances are shown in Figures 5.21-5.23.
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Figure 5.21 Simulated variation of the co-polarised field amplitude in the horizontal beam
cut as the function of the distance at 310 GHz.
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Figure 5.22 Simulated variation of the co-polarised field amplitude in the vertical beam cut
as the function of the distance at 310 GHz.
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Figure 5.23 Simulated variation of the phase deviation from the ideal spherical wave as the
function of the distance at 310 GHz:

a) horizontal beam cut,

b) vertical beam cut.

As can be seen in Figures 5.21-5.23, the general shape of the DRFS beam determined by the
reflected field and the level of ripples do not vary significantly with the distance, but the
location of the diffraction ripple maxima and minima are sensitive to the distance r as the
phase difference between the diffracted field component and the reflected field varies as the
function of the distance at each observation angle. The hologram illumination amplitude near
the hologram edge at 6=9.5° varies at maximum about 2 dB peak-to-peak with the distance
from 0.9 m to 10.8 m and the phase deviation from the ideal spherical wave varies at
maximum about 15° peak-to-peak. The largest deviations can be observed for the shortest
distance (¥=0.9 m) from the DRFS focus as one would expect as the near-field effects are then
the strongest. Typical variation in the amplitude is about 0.3 dB peak-to-peak in the central
region of the hologram at a selected observation point and less than 3° in the phase, peak-to-
peak. The overall level of the ripples is approximately independent of the distance.

The variation in the DRFS beam amplitude and phase ripples indicates that the near-field
effects cannot be ignored completely in the design of the dual reflector feed system The
variation of the field as the function of the distance decreases as the distance increases
towards the far-field region. In the DRFS design, the DRFS operation has to be verified at the
planned distance of the hologram to be illuminated by the DRFS and a sufficiently large
distance has to be selected. For the designed DRFS, the selected distance of 1.8 m is sufficient
for assuming the hologram to be approximately in the far-field of the DRFS in the synthesis
of the reflectors. The level of the diffraction ripples should also be minimised in order to
minimise the potential variation in the DRFS beam as the function of the distance.
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5.5 Conclusions on the DRFS design

The simulated dual reflector feed system performance and factors affecting it are summarised
here and the possibilities to improve the DRFS design procedure for improved performance
are discussed.

5.5.1 Simulated dual reflector feed system performance

The simulated DRFS performance was found to be satisfactory and the DRFS beam can be
used to illuminate a 600-mm demonstration hologram at 310 GHz. However, the simulated
DRFS beam is slightly narrower than the objective beam. The deviations in the beam shape
are the largest around the shoulders of the beam, where the beam and the reflectors are most
shaped. The central region of the beam illuminating the hologram has the greatest effect on
the quiet-zone field quality. In this region, the deviations from the desired hologram
illumination are typically only 0.6 dB peak-to-peak in the amplitude and less than 20° in
phase. The maximum amplitude deviation is 0.9 dB, as can be seen in Figure 5.12. The phase
deviation shows a phase curvature that can be mostly compensated in the central region by
moving the DRFS closer to the hologram aperture. In the quiet-zone of a CATR, it is typically
required that the field does not deviate from the plane wave more than 1 dB peak-to-peak in
amplitude and 10° in phase. The simulated amplitude and phase deviations in the hologram
illumination by the DRFS are lower than these values, but for accurate measurements of the
very low side-lobes of a high-gain antennas even better quiet-zone field quality is needed.

5.5.2 Summary on the accuracy of the DRFS design procedure

The synthesis of the reflectors in the dual reflector feed system is based on a ray-tracing and it
is therefore based on the approximations of the geometrical optics with further approximation
of the wavefronts and surfaces with local tangential planes. The synthesis procedure does not
include the account diffraction effects and the depolarisation of the field by the DRFS and the
output aperture is assumed to be located in the far-field of the DRFS. The physical
phenomenon affecting the DRFS beam quality the most is diffraction. Depolarisation of the
field is also an issue, but it affects the DRFS beam less than the diffraction ripples in the most
important central region of the hologram aperture. The diffraction ripple maxima and minima
locations vary with the distance from the DRFS as the output aperture is in the radiating near-
field, but the level of ripples is approximately constant. Therefore, the assumption of the
DRFS operation in the far-field can be used in the design but the performance of the designed
system has to be verified by simulating the radiation at the distance from the DRFS to be used
in the actual application of the system.

The achievable accuracy of the DRFS design is also dependent on the accuracy of the
reflector synthesis procedure. The numerical approach and the first-order approximation of
the reflector surfaces with local tangent planes result into error in the reflector shapes in the
DREFS. This numerical inaccuracy causes surface errors up to 5 um at the reflector edges as
the error is cumulative. The error may cause phase errors up to a few degrees at 310 GHz and
it may be significant at the highly shaped portions of the reflectors as the tangential planes are
determined at an anterior point, which makes the surface shape to lag behind the correct one.
The main factor affecting the accuracy of the synthesis is to the author’s understanding the
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decoupling of the amplitude and phase in the synthesis, i.e., the assumption that the amplitude
and phase can be modified independently without considering them both at the same time. It
was discovered during the optimisation of the DRFS that the phase deviation from an ideal
spherical wave, which was up to 20°, could not be reduced without modifying the amplitude
objective. Fortunately, the phase deviation can be mostly compensated by moving the DRFS
closer to the hologram and this approach was then adopted instead of modifying the synthesis
software.

5.5.3 Potential improvements to the design procedure

The performance of the DRFS, or any other system, can be improved most efficiently by
identifying the most significant factors affecting the performance and focusing on improving
them. These factors were identified in the previous sections. The basis of the DRFS
performance is the synthesis of the reflector surfaces and the overall design of the system. The
potential improvements to the synthesis accuracy can be achieved either using a more
advanced synthesis method or by improving the accuracy of the current method. The different
shaped reflector antenna synthesis methods were discussed in Section 2.3. Using a diffraction
synthesis method based on physical optics and physical theory of diffraction analysis of the
reflector radiation, the diffraction effects and other effects can be included into the synthesis.
The reflector surfaces are optimised iteratively until the simulated DRFS performs meets the
selected criteria. This approach would give a superior performance compared to geometrical
based synthesis methods, but the computation time would be very high for more accurate
synthesis as the GRASP simulations of the current DRFS took up to 50 hours to complete.
Naturally, an optimised synthesis and analysis program would provide faster analysis but the
PO and PTD analysis has to be performed for each iteration of the reflector surfaces.
Alternatively, the current GO synthesis procedure could be improved as it has the advantage
of fast computation time - only minutes for the entire DRFS synthesis.

The accuracy of current ray-tracing based procedure for the reflector surface synthesis can be
mostly improved by modifying both amplitude and phase in the output for the best
performance. This can be achieved by modifying the input-output aperture mapping, i.e., by
changing the output ray distribution in a controlled fashion to allow more precise spherical
wave phase. Similar approach has been used in [33] with the so-called floating mapping. The
second-order surface models, such as in [33], could be used to reduce the number of rays
needed in the synthesis and to increase the numerical accuracy of the procedure, but the
numerical accuracy is currently reasonably good.

Currently the input-output aperture mapping is limited to the rotationally symmetric cases. As
a rotationally symmetric mapping is not in general possible with offset reflectors [29], and in
order to compensate local distortions and non-symmetries in the output aperture field, a
general input-output aperture mapping algorithm could be developed so that any specified
output aperture field distribution could be realised approximately. In addition, the phase error
in the radiation pattern of the primary feed could be compensated by specifying the ray path
length objective accordingly for each ray in the synthesis.

In addition to the synthesis procedure, the design of the DRFS affects the performance. The
depolarisation in the DRFS and the resulting power loss at the co-polarisation affecting the
beam shape can be minimised by selecting the offset angles for the reflectors so that the cross-
polarisation is minimised. The diffraction ripples in the beam can be minimised by using a
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lower edge illumination on the reflectors (currently about -17 dB on the sub-reflector and on
the main reflector) and by improving the rounding of the shaped reflector edge for more
gradual transition from the shaped reflector surface to the flat metal plate surface.

Most of the potential improvements to the ray-tracing based synthesis procedure and to the
DRFS design are being carried under the author’s instructions in a Master’s thesis, where an
improved DRFS for operation at 650 GHz is being developed. The results show a significant
improvement in the beam quality, i.e., lower ripple and less deviations from the objective
hologram illumination.

5.6 Construction of the DRFS structure

The assembly and manufacturing tolerances for the dual reflector feed system were studied in
order to select a suitable construction of the DRFS and a manufacturer, who can meet the
required manufacturing tolerances. The reflector surface accuracy has to be sufficiently high
for proper DRFS performance and the reflector locations and orientations have to be precisely
correct. The required reflector surface accuracy and precision in the reflector placement is
estimated next and the constructed dual reflector feed system is presented.

5.6.1 Required reflector surface accuracy

The required reflector surface accuracy could be estimated with a Monte Carlo analysis of the
effects of random surface errors on the DRFS beam. Unfortunately, this kind of an analysis
would be very time consuming as a large number of different surfaces have to be simulated in
order to get a statistical sample of the possible surface errors. Therefore, a simpler approach
was selected to get an estimate on the order of the surface accuracy needed.

The effect of a surface error on the DRFS beam phase can be estimated by considering
reflection of a plane wave from a locally planar surface as shown in Figure 5.24. Let’s
consider a simple case, where a surface error is assumed only to cause the z-coordinate of the
local surface plane to change by Az.

Figure 5.24 Effect of a surface error to the ray path length.
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The ray path length /, from the source to the surface and the ray path length / from the
reflection point to the observation point are increased by A/ :

Al,, =Azsina, (5.8)

where o is the angle between the ray direction and the surface plane. The distances are
assumed very large compared to Az so that the ray direction remains constant. The total ray
path length deviation caused by a z-coordinate shift due to a milling inaccuracy is2A/;, . The

corresponding approximate phase deviation caused by the surface error is

2Al

AY, e = /1"’ *360°. (5.9)

Assuming the milling errors to be random and uncorrelated on both reflector surfaces the total
phase deviation caused by the milling inaccuracy in the DRFS can be estimated as a root of
sum of squares of the individual reflector surface accuracies. The angle « in the DRFS is
approximately 45° and there are two reflectors. If the allowed maximum phase deviation in
the quiet-zone of a CATR is +5° and assuming the contribution of the DRFS and the
hologram to be uncorrelated, the maximum allowed contribution of the DRFS is then about
+3.5°. The contribution of the DRFS can be further divided into the contribution of the
reflector surface errors and into the contribution of the reflector misalignment and dislocation.
For uncorrelated contributions, each of these may cause at maximum phase errors up to £2.5°.
The corresponding maximum allowed surface error Az is +4.8 um at 310 GHz and the
reflector surface milling tolerances should then smaller than 5 pm. Some of the potential
systematic reflector surface errors may be compensated at least partially by adjusting the
position of the DRFS in relation to the hologram, which may relax this requirement slightly.

5.6.2 Assembly tolerances for the DRFS

The reflector locations and alignment in the DRFS have to correct in order not to cause
significant deviations to the hologram illumination. The effect of reflector and feed
misalignment and dislocation was studied with GRASPS8 simulations in order to determine the
required assembly tolerances for the DRFS. In the simulations, one object at the time, a
reflector or the feed horn, was rotated or moved at the time from its designed orientation. The
other objects were kept at stationary in the designed configuration.

The tolerances for misalignment and dislocation were first estimated coarsely. After the order
of magnitude for the tolerances was found the effect of dislocation and misalignment of each
object was estimated more accurately. The tolerances for the xyz-translation and @y -rotation,
1.e., rotation around the vertical y-axis and around the wave propagation direction (z-axis), for
the feed horn, for the sub-reflector and for the main reflector were studied with about 120
simulation runs. Both horizontal and vertical field cuts of the DRFS beam incident on the
hologram aperture were computed in 101 points on a cut with 300 x 300 surface current
elements on the reflectors. The number of the current elements was reduced in order to
decrease the computation time. Some of the results for the simulated phase and amplitude at
the vertical linear polarisation at 310 GHz for sub-reflector dislocation and misalignment are
shown in Figures 5.25-5.29 as examples. The effect of rotation around the horizontal axis,
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1.e., the x-axis, was not investigated in order to reduce the number of time consuming
simulations. The effect of this rotation is probably similar to the rotation around the vertical
axis.
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Figure 5.25 Effect of sub-reflector dislocation in the x-direction on the hologram illumination
in the horizontal crosscut of the hologram aperture at 310 GHz:

a) phase deviation,

b) amplitude deviation.
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Figure 5.26 Effect of sub-reflector dislocation in y-direction on the hologram illumination in
the vertical crosscut:

a) phase deviation,

b) amplitude deviation.
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Figure 5.27 Effect of sub-reflector dislocation in the z-direction on the phase in the hologram
illumination:

a) horizontal cross-cut,

b) vertical cross-cut.
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Figure 5.28 Effect of sub-reflector rotation around the vertical axis on the hologram
illumination in the horizontal crosscut:

a) phase deviation

b) amplitude deviation.
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Figure 5.29 Effect of sub-reflector rotation around the beam axis on the hologram
illumination in the vertical crosscut:

a) phase deviation,

b) amplitude deviation.

As can be seen in Figures 5.25-5.29, the deviation from the desired hologram illumination
shows a nearly linear dependence on the amount of the dislocation or the misalignment of the
reflectors in the DRFS. The potential dislocations and misalignments have in general a greater
effect on the phase of the radiation and the maximum allowed single reflector dislocation in
the DRFS can be estimated from the simulated phase deviations, if at maximum, a phase error
of 3.5° due to this error is allowed. The results are summarised in Table 5.3.
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Table 5.3 Estimated maximum allowed single dislocation and misalignment error in the
DREFS.

Object x[um] |y [um] |z [um] Rotation | Rotation | Rotation
around around around
x-axis y-axis z-axis
], ] L]

Feed horn 25 25 160 0.2 0.2

Sub-reflector 25 30 100 0.006" 0.006 0.2

Main reflector | 60 80 200 0.006" 0.006 0.9

“Assumed to be the same as the tolerance for rotation around the y-axis
Estimated value from amplitude deviation
Not applicable as the feed horn pattern is nearly rotationally symmetric

The DRFS is most sensitive to the feed horn and sub-reflector dislocations in the horizontal
and vertical directions as an error of the order of 30 um causes a phase error of about 3.5°.
The feed horn rotation around the direction of the beam propagation could not be estimated as
the nearly rotationally symmetric horn pattern does not vary much as the function of the
rotation angle and this tolerance should be estimated from the polarisation error. The
sensitivity of the polarisation to the rotation of the horn around the z-axis is discussed in
Chapter 7, where the polarisation measurement accuracy is considered. The reflector
dislocation is more significant than the misalignments as an error in the dimensions of the
DREFS structure will not only cause a dislocation of a reflector, but also a misalignment and
no misalignments are possible without a corresponding error in the dimensions of the DRFS
structure. The dimensions of the DRFS structure have to be larger than the reflector sizes and
the spacing of the reflectors (150 mm). Therefore, the tolerances for the rotation around
horizontal x-axis and vertical y-axis result into approximately same tolerance for the xy-
dimensions of the DRFS structures supporting the reflectors as the tolerance for the reflector
dislocation.

These tolerances shown in Table 5.3 correspond to the case where the DRFS is placed at the
designated hologram focus and the beam deviations due to the dislocation or the
misalignment of a reflector can be at least partially compensated by adjusting the DRFS
location and alignment in relation to the hologram. This relaxes the required manufacturing
tolerances for the DRFS structure. A single manufacturing error in only one direction for a
single reflector is not possible and incorrect dimensions in the DRFS structure affect all the
reflector locations and alignments in more than one direction. The total tolerance for several
simultaneous manufacturing errors can be estimated as the root sum of squares (RSS) of the
individual errors assuming the errors to be independent and uncorrelated. As discussed here,
this is not entirely valid assumption but it is a very useful simplification for a rough estimate
on the manufacturing tolerances.

The total effect of the reflector misalignment and dislocation AW can be estimated as

Structure

the RSS of the individual phase deviations AY, caused by the N possible dislocations and
misalignments in the DRFS structure:

N
A\Pstructure = z quiz s (5 . 1 O)
i=1
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which can be approximated as

A\Pstructure = \/NA\PI (51 1)

by assuming the individual phase errors AY, to be equal. The number of the possible
dislocations and misalignments is therefore 15, i.e., N = 15 as there are three objects with
three possible dislocations, which contribute to two possible misalignments. The possible
rotation around the z-axis is ignored. The tolerances for the reflector dislocation and
misalignment can be estimated by allowing the total maximum phase deviation in the
hologram illumination caused by the potential DRFS manufacturing errors to be £2.5° and by
allowing equal and uncorrelated contributions to the reflector surface manufacturing
tolerances and to the tolerances in the DRFS structural dimensions. The allowed contribution
of each individual error solved from (5.11) is A¥,=0.65°. The results are summarised in

Table 5.4.

Table 5.4 Estimated dislocation and misalignment tolerances in the DRFS structure.

Object x[um] |y[um] |z [um] Rotation around Rotation around
X-axis y-axis
] (]
Feed horn 6 6 40 0.05 0.05
Sub-reflector | 6 8 25 0.002" 0.002
Main reflector | 15 20 50 0.002" 0.002

* assumed the same as the rotation around the y-axis
** estimated from the amplitude deviation

The tolerances shown in Table 5.4 are extremely tight and it may be possible that they cannot
be met completely. They are also quite pessimistically estimated as the possible compensation
of the beam deviations by adjusting the DRFS position and alignment is not considered and
also the estimation involves approximations and assumptions, which may result into tighter
tolerances than actually required. In addition, as the central region of the hologram contributes
most significantly to the quiet-zone field, the tolerances could be relaxed approximately by a
factor of 1.5 because of this. In any case, the objective in the DRFS manufacturing should be
the dimensional tolerances of the order of 10 pum for the DRFS structure.

5.6.3 Construction of the dual reflector feed system

The tight tolerances, +5 pm for the reflector surfaces and +10 um for the dual reflector feed
system dimensions, make the manufacturing of the DRFS challenging. The only feasible way
to achieve this high precision is to realise the system as an integrated quasi-optical system.
Thomas Keating Ltd in England was chosen to manufacture the DRFS reflector surfaces,
because of the high accuracy of their milling equipment and their previous experience with
quasi-optical systems. The milling machine used at Thomas Keating Ltd has been calibrated
with laser interferometers. The positioning accuracy of the milling machine is better than 3
um in the xy-direction and better than 2 um in the z-direction [109]. This accuracy should be
sufficient for milling the DRFS reflector surfaces.
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The same manufacturer as for the milling of the reflector surfaces is used to assemble the
DREFS as an integrated quasi-optical system to ensure the high precision. The final mechanical
design and the technical drawings were done at Thomas Keating Ltd under the author’s
instruction. The DRFS was manufactured by milling the reflector surfaces on aluminium
plates, which were attached to the inner walls of the structure. For the precise alignment and
positioning of the primary feed, an aperture with a clamp is constructed in the rear of the
system. The horn is inserted into the aperture and this aperture together with the outer surface
of the horn and its flange are used as a mechanical reference to place the phase centre at the
correct position. The inside of the DRFS structure is lined with absorbing material, TK THz
RAM, to prevent internal reflections. A three-dimensional model of the structure is shown in
Figure 5.30 together with a photograph of the constructed system.

Figure 5.30 DRF'S structure:
a) three-dimensional model,
b) photograph of the system.

5.7 Verification of the DRFS operation with near-field probing

The final verification of the operation of any system can only be achieved by testing the
system with measurements in a specific test configuration and/or in the final application.
Although the modern computer-aided design tools predict the performance of an antenna
quite accurately, the reliability of the simulation depends on how accurately the antenna
structure is modelled in the simulations. The measurements provide an independent
verification of the antenna operation to the computations and simulations. The field radiated
by the DRFS at 310 GHz was measured with planar near-field probing for the final
verification of the DRFS operation to ensure that no design or manufacturing errors were
done.
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5.7.1 Measurement set-up for the DRFS beam measurements

The dual reflector feed system beam measurements were done by probing the field radiated
by the DRFS with a corrugated horn at 310 GHz [O2, O18, O19]. The probe was a similar
horn as the primary feed of the DRFS. The DRFS was located 1800 mm from a planar xy-
scanner (Orbit/FR AL-4951) so that the field is measured at the planned location of the 600-
mm diameter hologram aperture. The electrical instrumentation was based on AB Millimetre
MVNA-8-350 vector network analyser with ESA-1 and ESA-2 submillimetre wave
extensions: the ESA-1 is a Gunn diode pumped frequency multiplier used as the transmitter,
and the ESA-2 is a Gunn diode pumped harmonic mixer, which is used as the receiver. The
transmitter and the receiver are phase-locked into a common reference, which enables both
amplitude and phase measurements. The dynamic range in the DRFS beam probing was about
67 dB. The measurement set-up is shown in Figure 5.31 together with the probe and receiver
mounting on the scanner.

Planar Scan

’ Receiv_e_r_ﬁ'% > ‘

T g

Figure 5.31 DRFS beam measurement set-up and the probe mounting.

The scanner and the most of the walls of the measurement room were covered with mm-wave
absorber material (Eccosorb VFX-NRL2). The antenna-under-test, the DRFS, was placed on
an optical table and it was aligned perpendicular to the scanner plane by using a digital feeler
pin attached to an extension arm fixed to the probe mounting. The planarity of the xy-scanner
movement was measured using a Leica 3D laser tracker and the measured z-coordinate
variations were computationally corrected from the measured phase data.

The bending of the local oscillator (LO) signal cable going from the MVNA to the harmonic
mixer of the receiver causes phase measurement errors as the electrical length of the cable
changes at the LO frequency of 17.2 GHz. The LO cable bending induced phase measurement
errors can be compensated using a correction system designed in the Radio Laboratory [110].
Probe correction was done using the theoretical radiation pattern of the probe and by
assuming the DRFS to radiate a spherical wave originating from the hologram focus. The
estimated phase measurement uncertainty in the near-field probing of the DRFS beam was
about £8—14°. The measurement uncertainty and the error compensation techniques used to
decrease it are described in Chapter 7.
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5.7.2 Measured DRFS radiation

The field radiated by the dual reflector feed system was measured on the plane of the 600 mm
hologram aperture so that the measured field corresponds to the field incident on the
hologram, i.e., to the hologram illumination. The amplitude and the phase of the field were
probed at 310 GHz at the linear vertical polarisation, which was the co-polarisation and at the
linear horizontal polarisation, which is the cross-polarisation as defined in the Ludwig’s first
definition of the polarisation [43]. The measured field in the horizontal and vertical cross-cuts
of the measurement area are shown in Figures 5.32 and 5.33 together with the simulated field
cuts. The amplitude is normalised to 0 dB at the centre of the measurement area and the phase
is presented as the deviation from the spherical wave originating from the system focus
located 1800 mm from the scanner plane. The phase deviation was computed by comparing
the processed measured phase to the phase of the spherical wave at the corresponding probe
position. In Figure 5.34, the measured contour maps of the DRFS field are presented.
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Figure 5.32 The measured and simulated hologram illumination a) amplitude and b) phase
deviation from the spherical wave at 310 GHz at the co-polarisation in the horizontal cut of
the hologram aperture [O2].
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Figure 5.33 The measured and simulated hologram illumination a) amplitude and b) phase
deviation from the spherical wave at 310 GHz at the co-polarisation in the vertical cut of the
hologram aperture [O2].
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Figure 5.34 The measured contour maps of the hologram illumination a) amplitude [dB], and
b) phase deviation [°] from the spherical wave at 310 GHz at the co-polarisation.

The spikes in the measured phase observed in Figure 5.34 at the bottom and top regions of the
300 mm x 300 mm measurement area were most likely caused by interference from the
scanner drives to the IF signal. Unfortunately, these spikes were noticed only after processing
the data and the measurements could not be repeated when the problem was corrected by re-
positioning the cables. The measured amplitude and phase show very good agreement with
the simulations; the measured amplitude is within +£0.3 dB from the simulated amplitude in
the beam cross-cuts in the central region of the beam. Both the measured and the simulated
phase are within 30° from the desired spherical wave — the maximum difference between the
measured phase deviation from the spherical wave and the simulated one is less than 20°.
Considering the estimated phase uncertainty, +8°, the difference between the measured and
simulated phase seen in Figures 5.32 and 5.33, indicates that the effective focal length of the
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DREFS is slightly longer than the designed 1800 mm. This may be caused by slightly incorrect
shape of the reflectors (local curvature) or by a small error in the DRFS dimensions, i.e. in the
distances between the objects in the DRFS structure. The somewhat non-monotonic and non-
symmetric phase behaviour seen in the vertical cut of the measured field suggests that there
may be more than one small misalignment or dislocation of the reflectors in the structure.
Nevertheless, the slight systematic phase deviation can be mostly eliminated by adjusting the
DRFS distance from the hologram to compensate the increased effective focal length. The
measured phase deviation from the spherical wave in the vertical field cut when the DRFS is
moved 12 mm closer to the near-field scanner is shown in Figure 5.35.
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Figure 5.35 The measured phase deviation from the spherical wave in the vertical cut of the
hologram aperture when the DRF'S is moved closer to the near-field scanner.

The cross-polarisation level in the hologram illumination by the DRFS was measured by

rotating the probe by 90° to measure the horizontally polarised field component. The
measured cross-polarisation level is presented in Figure 5.36.
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Figure 5.36 Measured cross-polarisation level in the hologram illumination at 310 GHz:
a) horizontal and vertical cuts,
b) contour map.

The maximum cross-polarisation level in the hologram illumination is approximately -23 dB,
which corresponds well to the simulated cross-polarisation level shown in Figure 5.16. The
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measured cross-polarisation level is affected by the polarisation properties of the probe, which
depends on the orientation of the probe and on the cross-polarisation isolation of the probe.

The polarisation measurement uncertainty and the factors affecting it are discussed in Chapter
7.

A quick test was done later by an under-graduate student under the author’s supervision to
verify the DRFS operation also at the horizontal linear polarisation at the frequency of 310
GHz by rotating both the feed horn in the DRFS and the probe horn by 90°. The measured
amplitude at the vertical (VV) and the horizontal (HH) polarisation are shown in Figure 5.37.
No measurement error compensation techniques were used in these measurements.
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Figure 5.37 Measured cuts of the hologram illumination at 310 GHz at both linear
polarizations:

a) horizontal cut,

b) vertical cut.

The measured DRFS radiation is within 0.2 dB the same at both polarisations. As can be seen
comparing the Figures 5.32 and 5.33 to Figure 5.37, the shape of the measured beam is
slightly different in these later measurements shown in Figure 5.37, but the reasons for this
were not investigated further as the purpose of this quick test was to verify only that the
DRFS beam shape does not depend significantly on the polarisation.

The measurements of the radiated field by the DRFS incident on the hologram aperture with
the planar near-field scanner showed good correlation with the simulated field, which
provided the final verification that the DRFS design was correctly done and that there were no
significant manufacturing errors in the DRFS construction. The DRFS operates as designed.
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6 Dual reflector feed system in a hologram-based CATR

The dual reflector feed system is designed to illuminate the hologram in a compact antenna
test range based on a hologram and the final verification of the DRFS operation is obtained by
using the DRFS to illuminate a demonstration hologram. The shaped hologram illumination
with the dual reflector feed system allows improvements to the hologram CATR: the
simplification of the hologram manufacturing, improved polarisation performance and
potentially lower cross-polarisation in the quiet-zone. These improvements to the hologram
CATR are discussed next together with the measurement results for the test holograms at 310
GHz.

6.1 Demonstration CATR based on a hologram

The final test for the applicability of the designed dual reflector feed system for illuminating
holograms in CATRs, is the actual use of the DRFS with a hologram. For this purpose, 600-
mm diameter holograms were designed in the Radio Laboratory by Tomi Koskinen for the
frequency of 310 GHz and they were optimised for operation at the vertical linear
polarisation. First, a hologram illuminated directly with the corrugated horn was designed and
procured for comparison and, second, a hologram illuminated by the DRFS was designed and
procured. The performance of these holograms was compared by measuring the quiet-zone
fields produced by the holograms with the planar near-field scanner and with the same
measurement instrumentation, which was used for probing the DRFS beam as described in
Chapter 5.

6.1.1 Structure of the CATR

The CATRs constructed were based on 600-mm diameter holograms: one illuminated with
the corrugated horn directly and the other with the DRFS. The size of the hologram was
determined by the maximum diameter of the pattern available with an inexpensive printed
circuit board manufacturing processes in Finland. The focal length of the holograms was 1800
mm and the quiet-zone field was optimised in the design of the holograms for the vertical
polarisation at the same distance from the hologram. Also, the feed position and alignment
were optimised to produce the best quiet-zone field quality. The offset angle of the holograms
was 33°, i.e., the plane wave propagates into this angle from the hologram surface normal.
The CATR structure is illustrated in Figure 6.1.
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HOLOGRAM

Figure 6.1 Compact antenna test range based on a hologram.
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6.1.2 Quiet-zone field measurements

The quiet-zone field of the test holograms was probed with the planar near-field scanner using
the same corrugated horn as the probe, which was used to probe the DRFS beam. It is similar
to the one used to illuminate the hologram and which is used as the primary feed in the DRFS.
The feed was placed on an optical table and the feed position and alignment were adjusted for
optimal quiet-zone field quality. Photographs of the measurement set-up for the hologram
illuminated with the DRFS are shown in Figure 6.2.

Figure 6.2 The measurement set-up for measuring the quiet-zone field of the hologram
illuminated with the DRFS:

a) rear-view of the DRF'S showing the transmitter,

b) view behind the near-field scanner showing the probe mounting and the receiver.
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6.1.2.1 Co-polarised quiet-zone field

Both the amplitude and the phase were measured at the frequency of 310 GHz. The measured
co-polarised quiet-zone field of the hologram illuminated directly with the corrugated horn is
shown in Figures 6.3 and 6.4, and the measured quiet-zone field for the hologram illuminated
with the DRFS at the co-polarisation is shown in Figures 6.5 and 6.6. As in the case of the
DRFS beam probing, error compensation techniques were used to reduce the measurement
uncertainty and these techniques are described in Chapter 7. The estimated uncertainty in the

phase measurements was +8°.
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Figure 6.3 Measured cuts of the quiet-zone of the hologram illuminated with the corrugated
horn a) amplitude and b) phase at 310 GHz at the co-polarisation.
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Figure 6.4 Measured contour maps of the quiet-zone of the hologram illuminated with the
corrugated horn a) amplitude and b) phase at 310 GHz at the co-polarisation.
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Figure 6.5 Measured cuts of the quiet-zone of the hologram illuminated with the DRFS a)
amplitude and b) phase at 310 GHz at the co-polarisation.

[dB]

200 &g

100

y [mm]
o

-100

-200[8%

IR TP L3 - - A Vel C B
-200 -100 0 100 -200 -10 0] 100 200
x [mm] x [mm]

a) b)

Figure 6.6 Measured contour maps of the quiet-zone of the hologram illuminated with the
DRFS a) amplitude and b) phase at 310 GHz at the co-polarisation.

The root mean squared (RMS) amplitude ripple inside a 250 mm diameter circle in the quiet-
zone of the hologram illuminated with the DRFS is £0.37 dB and the RMS phase ripple is
+4.6°. The RMS amplitude and phase ripples in the quiet-zone of the hologram fed by the
horn directly are +£0.23 dB and +4.8°. The quality of the both quiet-zones is in practice
approximately identical considering the hologram pattern etching accuracy of the order of £20
um with a printed circuit board (PCB) photolithography process. The diameters of the quiet-
zones are approximately 250-300 mm for both holograms. The phase deviations limit the
quiet-zone size for the hologram illuminated with the horn directly and the conservatively
selected DRFS beam width limits the quiet-zone size for the hologram illuminated with the
DRFS. In principle, the quiet-zone size of the hologram illuminated with the DRFS can be
enlarged by designing a DRFS with a wider beam to illuminate the hologram.
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The phase front of the plane wave in the quiet-zone of the hologram illuminated by the horn
directly form a saddle surface as the phase front in the horizontal cut is convex and the phase
front in the vertical cut is concave. This phase behaviour was observed for the first time in
these measurements because of the reduced measurement uncertainty and better
understanding of the phase measurement errors and their causes. The saddle-shaped phase
front was believed to be caused by uneven tensioning of the hologram film that causes
stretching of the hologram pattern. Similar behaviour was later observed for the large 3-m
hologram in the CATR constructed for the frequency of 322 GHz [O4] and the reason for the
shape of the phase front was identified to be the different diameter of the hologram pattern in
the vertical direction than in the horizontal direction, which corresponds to uneven stretching
of the hologram film in the case of the 600-mm test hologram.

The quiet-zone amplitude of the hologram illuminated with the DRFS shows the shoulders
present in the shaped hologram illumination and phase behaviour similar to the DRFS phase
deviation from the spherical wave after compensation of the phase front curvature by moving
the DRFS closer to the hologram (see Figure 5.35). As the quiet-zone field is directly affected
by the deviations in the hologram illumination, higher DRFS beam quality should be pursued
for high-precision measurements of the antenna patterns by improving the DRFS.

6.1.2.2 Cross-polarised quiet-zone field

The cross-polarised quiet-zone field was measured by rotating the probe by 90° around its z-
axis to measure the horizontally polarised field component, which is the cross-polarisation for
the vertical polarisation according to the Ludwig’s first definition of the polarisation [43]. The
measured cross-polarisation level in the quiet-zone of the hologram illuminated by the horn
directly at 310 GHz is shown in Figure 6.7 and the cross-polarisation level in the quiet-zone
of the hologram illuminated by the DRFS is shown in Figure 6.8.
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Figure 6.7 Measured cross-polarisation level at 310 GHz in the quiet-zone of the hologram
illuminated with the corrugated horn:

a) horizontal and vertical cuts,

b) contour map.
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Figure 6.8 Measured cross-polarisation level [dB] at 310 GHz in the quiet-zone of the
hologram illuminated with the DRF'S:

a) horizontal and vertical cuts,

b) contour map.

The maximum measured cross-polarisation level in relation to the maximum amplitude of the
co-polarised field is approximately -15 dB in the quiet-zone of the hologram illuminated with
the DRFS and it is approximately the same in the quiet-zone of the hologram illuminated with
the corrugated horn. This level of cross-polarisation in the quiet-zone is somewhat high for
measuring the cross-polarisation level of antennas with low cross-polarisation and for this
purpose it should be lower.

The cross-polarised field component in the quiet-zone is caused by the cross-polarisation of
the feed, which is transmitted into the quiet-zone, or by depolarisation of the field by the
hologram itself. The cross-polarisation of the corrugated horn is much lower, about -40 dB
according to the simulations in the diagonal pattern cut, than the measured cross-polarisation
in the DRFS beam (at maximum about -23 dB). Therefore, the similar level of cross-
polarisation in the quiet-zones of the both holograms can be either explained by the high level
of the depolarisation by the holograms or the hologram illuminated with the DRFS produces
less cross-polarisation but the higher cross-polarisation in the DRFS beam causes
approximately the relatively high cross-polarisation level in the quiet-zone. This will be
investigated further in Section 6.3 together with the possibilities to decrease the cross-
polarisation in the quiet-zone of a CATR based on a hologram.
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6.2 Improvements to the hologram CATR performance

The shaped hologram illumination allows improvements to the hologram performance in
compact antenna test range applications. The potential improvements include facilitation of
the hologram manufacturing, hologram operation at the horizontal polarisation, and reduced
cross-polarisation level in the quiet-zone of the CATR. These potential performance
improvements are discussed next in the following sections.

6.2.1 Facilitation of the hologram manufacturing

The main challenge in the realisation of large hologram based CATR for sub-mm
wavelengths has been the manufacturing of the holograms with high pattern accuracy.
Especially, the combination of the required high precision with extremely large pattern sizes
up to several metres in diameter has been difficult to achieve and considerable effort has been
made in the development of the hologram manufacturing over the years [O4, O32]. Currently
the holograms are manufactured using direct laser exposure of the pattern on a photo-resist
coated copper-plated polyester film (Mylar) and chemical wet etching. The maximum size of
the pattern, which is limited by the equipment in the process used, is 1.5 m x 6.0 m. Available
materials limit also the maximum width of the pattern: the currently used Mylar-film is only
1.35 m wide. Because of this limited maximum pattern size, large holograms have to be
manufactured in pieces, which are joined to form the complete hologram pattern. The
hologram patterns are joined by soldering the metal stripes in the pattern together [O4].

6.2.1.1 Etching of the hologram patterns

The hologram patterns are chemically wet etched after writing the pattern on the
photosensitive resist with a laser. The hologram material used is a 50 um thick polyester film
with a laminated 17 um thick copper layer. In a photolithography process, the typical
uncertainty in the line widths is of the order of the metal thickness as the edges of the etched
metal are typically not straight. Also, possible under- and over-etching require careful
optimisation of the process parameters.

The amplitude taper in the hologram aperture is realised by tapering the slot widths in the case
of hologram illumination with the Gaussian beam radiated by a corrugated horn. This tapering
makes the slots in the pattern very narrow and difficult to etch near the hologram edges. As
the shaped hologram illumination with DRFS eliminates the need for tapering the slot widths,
the narrow slots are eliminated from the hologram pattern, which is especially significant at
shorter sub-millimetre wavelengths as the slot width is proportional to the wavelength. The
slots widths in the hologram illuminated by the DRFS and in the hologram illuminated with
the feed horn directly are shown in Figure 6.9. The slot widths were measured with a
microscope along the horizontal centrelines of the holograms by Tomi Koskinen.
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Figure 6.9 Measured slot widths a) in the hologram with shaped illumination, and b) in the
hologram with Gaussian illumination with the feed horn [O2].

As can be seen in Figure 6.9, the slots in the hologram designed to be illuminated with the
DREFS are about 280-400 um wide, which makes the slots significantly wider and more
constant in width than in the hologram designed for the illumination with a corrugated horn,
which has designed slot widths of approximately 30-330 um. The root mean squared (RMS)
slot width error due to manufacturing errors is about 20 um for both holograms. This is of the
order of the thickness of the metallisation (17 um) on the hologram material (50 um polyester
film, Mylar).

In the hologram pattern manufacturing, the most common manufacturing error in the pattern
is over-etching, i.e. the slots are often systematically too wide. This can be seen also in Figure
6.9, which is a typical example of the hologram pattern manufacturing using photolithography
with photo-masks. The relative error in the slot width is larger for the narrow slots as the
uncertainty in the slot width due to the photolithography process is approximately
independent of the slot width. This results into an additional advantage of the shaped
hologram illumination with the DRFS over the conventional Gaussian illumination with a
corrugated horn as the wider slots are not only easier to etch, but they are also less sensitive to
over-etching. This can be seen in Figure 6.10, where the simulated effect of a systematic error
in the slot widths of the hologram pattern on the quiet-zone field is shown. The hologram
simulations were carried out by Tomi Koskinen.
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Figure 6.10 Simulated horizontal cut of the quiet-zone field a) for a hologram illuminated
with the DRFS, and b) for a hologram illuminated with a corrugated horn when a systematic
manufacturing error is added to the slot widths of the hologram pattern [O2].

The hologram illuminated with the DRFS can tolerate over-etching of the slots up to 100 pm
without significant degradation of the quiet-zone amplitude, as the hologram illuminated
directly with the feed horn can tolerate only 30 pm of over-etching.

6.2.1.2 Enlargement of the quiet-zone size

Large holograms are manufactured by joining several separately etched pieces together to
form the complete hologram. The pieces have to be aligned and positioned very precisely to
form a continuous pattern as gaps or other discontinuities in the hologram pattern act as
diffraction sources causing ripple to the quiet-zone field. The number of the pieces and the
seams should be minimised in order to minimise the potential disturbances in the quiet-zone
field.

As the maximum size of the hologram pieces is limited by the existing manufacturing
equipment and available material width, the number of the pieces and seams in the hologram
pattern can be minimised only by minimising the required hologram size, 1.e., by maximising
the size of the quiet-zone produced by the hologram. The quiet-zone size of a hologram is
limited by the amplitude taper in the aperture field. In the case of the hologram illuminated
with the horn, the tapered slots take up a part of the aperture reducing the quiet-zone size, and
in the case of the hologram illuminated with the DRFS, the amplitude taper in the illumination
extents over a significant portion of the hologram aperture.

In principle, the quiet-zone of the DRFS hologram can be increased by widening the shaped
beam illuminating the hologram as the quiet-zone size is mostly determined by the -1 dB
beam width in the illumination. In order to widen the DRFS beam, the reflector size in the
DREFS has to be increased and the edge taper in the hologram illumination has to be decreased
as the DRFS beam may not be too strongly shaped in order to keep the ripples in the beam
small, i.e. the amplitude taper may not be too steep at the edges. The possibilities to increase
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the beam width while keeping the ripples at minimum and the reflector sizes reasonable are
being investigated in a Master’s thesis under the author’s instruction.

6.2.2 Polarisation performance

As the hologram operation is limited to the vertical polarisation, antenna testing cannot be
done at other polarisations — for example, circularly polarised antennas cannot be tested fully.
This is a serious limitation and therefore the hologram operation at the horizontal polarisation
and also at both linear polarisations, i.e. at circular polarisation, has been pursued.

The holograms illuminated with a Gaussian beam operate properly only at the vertical
polarisation as at the polarisation parallel to the slot, the slot width has a strong effect on the
transmission coefficient, but at the polarisation perpendicular to the slot the transmission is
only weakly affected by the slot width. The slots in the hologram pattern are vertical. The
transmission coefficient of a narrow slot at the polarisation perpendicular and parallel to the
slot are presented in Figure 6.11. Because the transmission of the slot does not depend on the
slot width, the tapering of the slots towards the hologram edges does not produce amplitude
taper to the aperture field at the horizontal polarisation and the quiet-zone field has large
ripples due to strong edge diffraction [65]. The amplitude taper in the shaped hologram
illumination allows the holograms to operate at the horizontal polarisation also.
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Figure 6.11 Simulated transmission coefficient as the function of the slot width at the
polarisation parallel and perpendicular to the slot at 310 GHz [O52].

The hologram operation at the horizontal polarisation was first studied by measuring the
quiet-zone field of the same test hologram illuminated with the DRFS that was measured at
the vertical polarisation at the frequency of 310 GHz. The measured contour maps of
amplitude and phase are presented in Figure 6.12.
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Figure 6.12 Measured quiet-zone field of the test hologram illuminated with the DRFS at 310
GH:z at the linear horizontal polarisation:

a) amplitude,

b) phase.

The test hologram was designed to operate at the vertical polarisation and it was optimised
only for this polarisation. As can be seen in Figure 6.12, the amplitude in the quiet-zone is
about 4 dB higher at the positive side of the x-axis than in the negative half. The hologram is
optimised for the vertical polarisation and at the horizontal polarisation the amplitude
becomes then higher on one edge of the quiet-zone than on the other as the slot transmission
is nearly independent of the slot width. This non-symmetry in the quiet-zone field amplitude
can be corrected by optimising the hologram pattern for the horizontal polarisation.

Two 600-mm diameter test holograms for 310 GHz were designed in the Radio Laboratory
and one of them was optimised for the horizontal polarisation and the other one was
optimised for both linear polarisations. Both holograms are illuminated with the dual reflector
feed system. The designed slot widths for the hologram for the horizontal polarisation varied
between 355-665 um and the slot widths in the dual polarisation hologram were between
475-565 um. The slots widths together with the widths of the metal strips between them are
shown in Figure 6.13.
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Figure 6.13 Designed slot and strip widths in the horizontal centre cut of the test holograms
for 310 GHz:

a) hologram optimised for the horizontal polarisation,

b) hologram optimised for both linear polarisations [111].

The quiet-zone fields of these holograms were probed similarly with the planar near-field
scanner as was done in the case of the test hologram optimised for the vertical polarisations.
Unfortunately, the near-field scanner broke down before these measurements and as
automated measurements were not possible, no contour maps were measured. In addition, the
probe position was known with less precision and, therefore, no error compensation methods
were utilised for reducing the measurement uncertainty. In this case, the phase measurement
uncertainty can be roughly estimated to be of the order of £15°.

The measured quiet-zone field cuts at the frequency of 310 GHz are shown in Figures 6.14
and 6.15 for the horizontal polarisation (HH), and for the vertical polarisation (VV) in the
case of the hologram optimised for the horizontal polarisation and in the case of the hologram
optimised for both polarisation in Figures 6.17 and 6.18. The cross-polarisation measurement
results for the horizontal polarisation (HV) and for the vertical polarisation (VH) are
presented in Figures 6.16 and 6.19 for the hologram optimised for the horizontal polarisation
and for the hologram optimised for both linear polarisations, respectively. The polarisations of
the horns were changed using a waveguide twist to rotate the polarisation of the horns by 90°
so that the probe and primary feed horn (or DRFS) positions and alignment were not changed.
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Figure 6.14 Measured horizontal cut of the quiet-zone field at 310 GHz at both linear
polarisations for the hologram optimised for the horizontal (HH) polarisation:

a) amplitude,
b) phase.
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Figure 6.15 Measured vertical cut of the quiet-zone field at 310 GHz at both linear
polarisations for the hologram optimised for the horizontal (HH) polarisation:

a) amplitude,

b) phase.
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Figure 6.16 Measured cross-polarisation level in the cuts of the quiet-zone field at 310 GHz
at both linear polarisations for the hologram optimised for the horizontal (HH) polarisation:
a) for the horizontal polarization (HV),

b) for the vertical polarization (VH).
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Figure 6.17 Measured horizontal cut of the quiet-zone field at 310 GHz at both polarisations
for the hologram optimised for both linear polarisations:

a) amplitude,

b) phase.
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Figure 6.18 Measured vertical cut of the quiet-zone field at 310 GHz at both polarisations for
the hologram optimised for both linear polarisations:

a) amplitude,

b) phase.
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Figure 6.19 Measured cross-polarisation level in the cuts of the quiet-zone field at 310 GHz
at both polarisations for the hologram optimised for both polarisations:

a) for the horizontal polarization (HV),

b) for the vertical polarization (VH).

The dual reflector feed system positioning and alignment could have been optimized further
to improve the quiet-zone field quality, but the problems with the near-field scanner increased
the measurement time and finally the worsening mechanical vibrations in the scanner
mechanics prevented the continuation of the measurements. The effect of the mechanical
vibrations on the results can be seen in Figure 6.18 as sharp periodic ripple in the quiet-zone
field amplitude and phase. Nevertheless, these first measurements results for the hologram
operation at both linear polarizations show great promise and the research is being continued.

For both of the test holograms, the measured amplitude in the quiet-zone was about 5 dB
higher for the vertical (VV) polarisation than for the horizontal (HH) polarisation. As can be
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seen in Figure 6.13, the slot widths in the holograms are mostly of the order of 400-600 um
and the simulated transmission of the field polarised parallel to the vertical slots is also higher
than the transmission for the perpendicular polarisation as shown in Figure 6.11. Another
important observation is that the phase is tilted at one polarisation compared to the other
polarisation, i.e., the direction of the plane wave radiated by the hologram is slightly different
at the vertical polarisation than at the horizontal polarisation so that the hologram focus is at
different locations at the different polarisations. In order to compensate this, the hologram
feed has to be repositioned when the polarisation is changed and the hologram operation is
limited to one linear polarisation at the time, i.e., circular polarisation cannot be used as the
circular polarisation distorts to elliptical due to different transmission coefficient at the
vertical and horizontal polarisations and quiet-zone field would also be distorted due to the
different direction of propagation for the linear components of the polarisation.

It can be concluded that the hologram can be designed to operate at both linear polarisation by
making the slots in the pattern constant in width so that the amplitude taper in the hologram
aperture is solely produced by the shaped hologram illumination with the DRFS and the
hologram is only used to change the phase of the transmitted field from the incident spherical
wave into the transmitted plane wave propagating to the quiet-zone. It may be also possible
that holograms can be designed to operate at the circular polarisation if the transmission can
be equalised for both linear polarisations. In principle, the slot width can be selected to be
such that the both linear polarisations have the same transmission coefficient as can seen in
Figure 6.11. The dual polarisation operation is being investigated further in the hologram
research group of the Radio Laboratory.

6.3 Cross-polarisation performance of the hologram CATR

The main disadvantages of the hologram based CATR compared to the reflector based CATR
is the limitation of the operation to the linear vertical polarization and the relatively high
cross-polarisation level of the order of -15...-20 dB in the quiet-zone compared to the dual
reflector based CATRs, which have a cross-polarisation level of approximately -30...-40 dB
[47]. On the other hand, the cross-polarisation level in the quiet-zone of the hologram CATR
is comparable to the cross-polarisation of a single offset reflector. This level of cross-
polarisation does not allow very high polarisation purity in the antenna testing, which can be a
problem if an antenna with a low cross-polarisation is tested and the level of this cross-
polarisation is to be investigated. The depolarisation of the linearly polarised field by the
hologram causes the direction of the polarisation vector to change in the quiet-zone from the
desired polarisation. In this section, the possibilities to reduce the cross-polarisation in the
quiet-zone of a CATR based on a hologram, i.e., the change in the polarisation state of the
field, are investigated.

The slots in the hologram pattern are curved forming arcs of ellipses and the direction of
parallel and perpendicular polarisation changes as the slot direction changes causing
depolarisation of the field. The cross-polarised field in the hologram illumination is also
transmitted into the quiet-zone. In this section, the contributions of the feed cross-polarisation
and the cross-polarisation generated by the hologram itself to the total cross-polarisation level
in the quiet-zone are also investigated and the possibilities to decrease the cross-polarisation
in the quiet-zone field are studied.
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6.3.1 Polarisation grid

Polarisation grids can be used to change the polarisation of the incident field as the
transmission and the reflection coefficients of a grid consisting of narrow metal strips or wires
depends on the direction of the polarisation in relation to the strip or wire direction [112]. The
maximum of the transmission occurs when the polarisation is perpendicular to the strips and
the minimum of the transmission occur when the polarisation is parallel to the strips, and vice
versa for the reflection. This property of the grid allows the polarisation grids to be used for
modifying the direction of the polarisation vector, i.e., to polarise the field, by setting the
orientation of strips to be perpendicular to the direction of the desired polarisation in the
transmitted field. Polarisation sensitive grids can also be utilised for polarisation sensitive
reflectors [113].

Polarisation grids can be used to suppress the cross-polarisation as the attenuation for the
cross-polarised field component is much higher than the attenuation for the co-polarised field
when the grid is oriented perpendicular to the co-polarisation in the case of the transmission
and parallel to the co-polarisation in the case of the reflection —type operation. The ability of a
polarisation grid to suppress the cross-polarisation is described by the ratio of the cross-
polarised amplitude before and after the grid, which is called the cross-polarisation
suppression ratio or the extinction factor in optics.

The structure of the polarisation grid is described by the period of the grating P and by the
spacing of the strips d as illustrated in Figure 6.20. The grid may consist of straight strips or
the strips can be curved with optimised shaped for improved characteristics [112].
Alternatively, the grid can be made from parallel thin wires tensioned into a frame so that no
substrate is needed to support the strips and the wires can be reasonably thin. The polarisation
selectivity of a grid is the higher the shorter the period P is compared to the wavelength [112].
The strips or the wires should be as narrow or thin as possible.

Il

Figure 6.20 Polarisation grid consisting of straight metal strips.

For investigation of the hologram cross-polarisation characteristics, two polarisation grids
were designed in the Radio Laboratory: one with P=200 um and d=100 um, and another with
P=300 pm and d=150 um. Both 400-mm diameter grids were manufactured by etching the
100 pm and 150 um wide straight strips on copper-plated 50 pm thick mylar-film, where the
metallisation was 17 um thick. The material and manufacturer were the same as for the 600-
mm test holograms. The second grid was designed and procured as a back-up to the denser
one with narrower strips as the narrowest linewidth in the PCB-process used was 100 pm and
there might have been more manufacturing errors in the narrower strips.
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The operation of these polarisation grids was studied by probing the radiated field of a
corrugated horn transmitted through the grids at 310 GHz when incident field polarisation
was perpendicular (vertical) and parallel to the grid (horizontal) and by comparing the
transmitted fields to the field radiated by the horn without a polarisation grid. The field was
probed with the planar near-field scanner over an area of 600 mm % 600 mm at the distance of
1800 mm from the corrugated horn, which covers to the aperture of the 310 GHz test
holograms. The measured co-polarised radiation pattern of the corrugated horn is shown in
Figures 6.21 and 6.22. The error compensation methods described in Chapter 7 were not used
in this measurement to reduce the phase measurement uncertainty as the main interest was in
the amplitude measurements. The corrugated horn could not be aligned precisely and hence,
also the exact position of the scanning area on the scanner plane was not recorded for the
compensation of the planarity errors. The phase measurement uncertainty without the error
compensations was estimated to be £15° in the probing of a spherical wave. The probe was
placed on an optical table into an alignment collar (see Chapter 7 for more details) and the
table was aligned perpendicular to the scanner plane. Unfortunately, there were no precise
mechanical references and the alignment uncertainty corresponds probably up to about +50
um uncertainty in the measurement distance in the scan area (up to about £20° tilt in the phase
at 310 GHz). As the probe used was a similar horn to the one under test, the measured phase
deviation was divided by two assuming equal contribution by both horns. This also divides
the measurement errors by two so the measurement uncertainty is increased as the errors are
probably larger than the actual deviation of the phase from a spherical wave in the radiation
pattern of the horn. As the contribution of the errors and the actual phase pattern of the horn to
the measured phase deviation from the spherical wave is not known, a rough estimate of the
measurement uncertainty is £20°...+40°.
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Figure 6.21 Measured cuts of the amplitude pattern of the corrugated horn at 310 GHz at the
co-polarisation compared to the theoretical pattern of the horn:

a) horizontal cut,

b) vertical cut.
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Figure 6.22 Measured phase deviation from the spherical wave in the antenna pattern of the
corrugated horn at 310 GHz at the co-polarisation compared to the theoretical phase pattern
of the horn:

a) horizontal cut,

b) vertical cut.

The measured amplitude of the corrugated horn at 310 GHz corresponds very well to the
theoretical pattern as the maximum deviation in the horizontal cut is less than 0.2 dB within
+10°. The measured phase corresponds also very well to the theoretical phase considering the
rather large measurement uncertainty. The purpose of these measurements was to provide the
reference for the measurements of the transmitted field through the polarisation grids and a
higher precision could have been obtained with specialised precision mechanics for the
alignment of the horn. Another probe, such as an open-ended waveguide, could have been
used in the measurements to investigate the potential difference in the radiation characteristics
of the individual horns. In any case, these measurements provide an additional confirmation
for using the theoretical horn pattern in the design of the dual reflector feed system.

In order to measure the transmission and the cross-polarisation suppression of the polarisation
grids, the grids were placed between the transmitting horn and the near-field scanner on the
optical table, where the horn was located, without turning off the transmitter or the receiver.
This allowed direct comparison of the measured fields with and without the polarisation grid.
Polarisation grids were turned by about 20° to direct the reflected waves away from the
transmitter. The measured transmission through the polarisation grids at 310 GHz are
presented in Figures 6.23 and 6.24 and the resulting cross-polarisation suppression ratio is
shown in Figure 6.25.
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Figure 6.23 Measured transmission of the polarisation grids at the polarisation

perpendicular to the grating (VV):
a) 100 um grid,
b) 150 um grid.
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Figure 6.24 Measured transmission of the polarisation grids at the polarisation parallel to

the grating (HH):
a) 100 um grid,
b) 150 um grid.
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Figure 6.25 The cross-polarisation suppression ratio of the polarisation grids at 310 GHz:
a) 100 um grid,
b) 150 um grid.

The cross-polarisation suppression computed as the ratio of the measured attenuation of the
perpendicular (VV) and the parallel polarisations (HH) is about 21 dB for the grid with 100
um wide strips and about 14 dB for the grid with the 150 pm wide strips. The theoretical
cross-polarisation suppression ratios excluding the effect of the dielectric film [112] are
approximately 17 dB and 13 dB, respectively. The losses at the co-polarisation due to the
polarisation grid are of the order of 3 dB. As the measured suppression ratio and the
attenuation at the co-polarisation are higher than the theoretical values, the dielectric film has
a significant effect on the operation of the polarisation grid — the transmission coefficient of
the film is also polarisation dependent. The orientation of the grid is also important as the
attenuation of the grid depends strongly on the polarisation relative to the grid direction and
the results may have been affected by a possible slight tilt in the grid orientation from the
horizontal. As the suppression ratio of the grid with 100 um period is higher, it is used in the
investigation of the cause of the hologram cross-polarisation together with test holograms.

6.3.2 Sources of the cross-polarisation

The total cross-polarisation in the quiet-zone of the compact antenna test range based on a
hologram is caused by the cross-polarisation of the feed transmitted in the quiet-zone and by
the cross-polarisation produced by the hologram itself. The contribution of these components
to the total cross-polarised field was investigated by measuring the cross-polarisation level in
the quiet-zone of the 600-mm hologram optimised for the horizontal polarisation with and
without a polarisation grid in front of the dual reflector feed system illuminating the 600-mm
hologram. The polarisation grid used was the one with 100 um metal strips tested in Section
6.3.1 and the quiet-zone field was probed at the frequency of 310 GHz using the corrugated
horn again as the probe. Measurement results for the cross-polarisation level are shown in
Figure 6.26. The co-polarised quiet-zone field quality was in practice identical with and
without the grid in front of the DRFS.
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Figure 6.26 Measured cross-polarisation level in the vertical cut of the quiet-zone of a
600-mm hologram optimised for the horizontal polarisation at 310 GHz:

a) vertical polarisation (VH),

b) horizontal polarisation (HV).

As can be seen in Figure 6.26, the reduced cross-polarisation in the hologram illumination by
the DRFS with the polarisation grid does not significantly lower the maximum cross-
polarisation level in the quiet-zone of the hologram. This indicates that the contribution of the
cross-polarisation generated by the hologram itself dominates in the total cross-polarisation
level. Therefore, the overall cross-polarisation level can only be reduced if the cross-
polarisation by the hologram can be reduced.

Hologram simulations in the Radio Laboratory have shown that the cross-polarisation is
caused by the curved slots in the hologram pattern as the local polarisation in relation to the
slot direction changes and the transmission of the slots is different for perpendicular and
parallel polarisations [111]. Also, the slot width affects the cross-polarisation level: narrow
slots cause more cross-polarisation than wide slots. This allows lower cross-polarisation for
the hologram illuminated with the dual reflector feed system as for the hologram illuminated
directly with the corrugated horn as the slots can be designed to be wider in the DRFS
hologram. The slot curvature and the cross-polarisation level can be reduced by increasing the
hologram focal length. With the increased hologram focal length and with the shaped
illumination with the DRFS, a cross-polarisation level of the order of -25 dB is possible
according to the simulations [052, 111].

144



6.3.3 Reduction of the cross-polarisation level in the quiet-zone with a polarisation grid

The cross-polarisation level in the quiet-zone of a hologram based compact antenna test range
can be reduced by placing a polarisation grid between the hologram and the quiet-zone to
suppress the cross-polarised field component. The test set-up is shown in Figure 6.27, and the
hologram used was a 300-mm diameter hologram illuminated with the corrugated horn, as the
other holograms are too large for the 400-mm diameter polarisation grid.

Polarization grid

Hologram Quiet-zone

\\ Feed

Figure 6.27 Measurement set-up for investigating the effect of the polarisation grid after the
hologram on the cross-polarisation level in the quiet-zone [O50)].

The quiet-zone field was measured using the corrugated horn as the probe at the vertical
polarisation again at the frequency of 310 GHz and the results are shown in Figures 6.28 and
6.29. The cross-polarisation measurement results are the average of six consecutive scans as
the dynamic range in the measurements was only about 50 dB and the signal-to-noise ratio at
the power level of the cross-polarised field was already quite low when the polarisation grid
was used.
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Figure 6.28 Measured vertical cuts of the quiet-zone of the 300-mm hologram at the co-
polarisation (vertical, VV) at 310 GHz:

a) amplitude,

b) phase.
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Figure 6.29 Measured a) cross-polarisation level (VH) and b) phase of the cross-polarised
field (normalised) in the vertical cut of the quiet-zone of the 300-mm hologram at 310 GHz.

Figure 6.28 shows that the polarisation grid does not distort the quiet-zone field when the grid
is placed between the hologram and the quiet-zone and that the maximum cross-polarisation
level is suppressed by almost 20 dB to about -40 dB...-33 dB. The slight tilt in the cross-
polarisation level observed in Figure 6.29 may be caused by a small tilt in the orientation of
the polarisation grid; the strips of the grid may not have been exactly horizontal.

The polarisation grid could be turned to a larger angle to avoid it being parallel to the quiet-
zone and the antenna-under-test (AUT) in it in order to avoid potential standing waves
between the AUT and the grid. Polarisation grids can be used to compensate the cross-
polarisation caused by an offset reflector [112] as the grid can be used to adjust the direction
of the polarisation vector. If the field incident on the reflector has the same level of cross-
polarisation as the reflector produces but in opposite phase, the cross-polarised fields cancel
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each other. Similar approach could be in principle used with holograms with a suitably
designed polarisation grid placed between the feed and the hologram. The matter requires
further consideration.

The results discussed in this section are promising for reducing the cross-polarisation level in
the quiet-zone of a CATR based on a hologram. Using the DRFS to provide shaped
illumination, holograms can be designed to produce less cross-polarisation and polarisation
grids can be used to suppress the cross-polarisation either for the feed or the hologram if the
grid is placed between the feed and hologram or between the hologram and the quiet-zone
field, respectively. The use of the polarisation grid in the hologram CATR after the hologram
is quite feasible as the hologram itself is a metallisation pattern on a dielectric film and large
polarisation grids could be manufactured similarly as the large holograms. The improvement
of the cross-polarisation performance of the hologram is being researched further in the Radio
Laboratory in the hologram research group.
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7 Measurement accuracy in sub-mm wave planar near-field
probing

The radiated field of the dual reflector feed system and the quiet-zone fields for the test
holograms were probed with a corrugated horn using a planar near-field scanner. This use of
the scanner differs from the actual near-field measurements in that sense that the near-field to
far-field transformation is not done as only the near-field data is needed for the analysis of the
antenna under test operation. The scanner used is intended for microwave frequencies and
extending the use of it to sub-millimetre wavelengths is not entirely straightforward. The
understanding of the measurement error sources is important for reliable measurement results
and even for making the dual reflector feed system testing at 310 GHz possible as the
measurement system and procedures required improvements for more accurate results.

In this Chapter, the potential measurement error sources and the improvements done to the
near-field measurement system before and after the DRFS testing are discussed. The
measurement uncertainty is estimated and the techniques to reduce the uncertainty using error
compensation techniques are described. This error analysis helps not only to improve the
precision of the measurements but also to priorise the improvements of the measurement
equipment and procedures as the most significant improvements are achieved by correcting
the errors causing the largest uncertainties in the measurements.

7.1 Measurement error sources in planar near-field measurements

There can be two types of measurement errors in any kind of a measurement: systematic and
random. The systematic errors are deterministic by nature and therefore repeatable but the
random errors are by nature randomly varying in the measurements. The measurement errors
in near-field measurements have been studied extensive in the literature over the past decades
and examples of these studies include [114, 115]. In [114], the major components affecting
the measurement accuracy are divided into the following categories based on their cause: 1)
mechanical positioning and the positioning measurement system, b) facility, c) radio
frequency system, d) antenna under test and e) computer and software. The paper describes a
near-field measurement facility qualification methodology for proving the quality of the
measurements.

In [115], an 18-term list of the error sources for planar near-field measurement is presented
together with detailed analysis of the effect of the errors on the measured antenna pattern.
These 18 error sources are sometimes called the NIST (National Institute of Standards and
Technology, USA) 18-term error model for planar near-field measurements. The error sources
are listed in Table 7.1.
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Table 7.1 Error sources in planar near-field measurements according to [115].

Source of error

1) Probe relative pattern

2) Probe polarisation ratio

3) Probe gain measurement

4) Probe alignment error

5) Normalisation constant

6) Impedance mismatch factor

7) AUT alignment error

8) Data point spacing (aliasing)

9) Measurement area truncation

10) Probe x,y-position errors

11) Probe z-position errors

12) Multiple reflections (probe / AUT)

13) Receiver amplitude nonlinearity

14) System phase error due to:
Receiver phase errors
Flexing cables / rotary joints
Temperature effects

15) Receiver dynamic range

16) Room scattering

17) Leakage and crosstalk

18) Random errors in amplitude / phase

These measurement error sources shown in Table 7.1 can be grouped into two categories;
probe related uncertainties (error sources 1-5) and near-field measurement errors (error
sources 5-18). All random errors are collected into the term number 18, i.e., into random
errors in amplitude / phase. The other errors are considered systematic.

For improving the measurement system and procedures to allow reliable sub-mm wavelength
near-field measurements for testing and analysing the designed dual reflector feed system and
the test holograms at 310 GHz, the error sources in the NIST model were considered and the
ones relevant for the near-field probing without the near-field to far-field transformation were
identified. These error sources are the following:

XN IN B WD —

Probe relative pattern

Probe polarisation ratio

Probe alignment error

Impedance mismatch factor (i.e., the losses in waveguides and transitions)

AUT alignment error

Probe x,y-position errors

Probe z-position errors

Multiple reflections between the probe and the AUT

System phase error due to receiver phase errors, flexing cables and temperature effects

10. Room scattering

11. RF-instrumentation induced errors
12. Random errors in amplitude/phase, i.e. noise.
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The probe gain is not significant as only the relative amplitude patterns are measured so only
the relative probe pattern is needed. As no far-field transformation is performed, the
measurement errors no. 5, 8 and 9 in the NIST model shown in Table 7.1 are not significant.
The sub-mm wave receiver is assumed linear and the dynamic range is considered sufficient
for probing the fields. However, the dynamic range has an effect on the random errors as the
signal-to-noise ratio decreases. This will be considered later in the following sections. The
error analysis in the following sections is based on identification of the error sources as in the
NIST error model [115], but the procedure for qualification of a near-field range described in
[114] is also utilised. The phase measurement error sources and the relating uncertainty are
also discussed in [O17].

7.2 Improvements to the measurement system

Prior to undertaking the testing of the dual reflector feed system the measurement hardware
and the facility were improved. First, the probe mountings were replaced and more precise
mechanical parts were procured for improved repeatability and accuracy of the probe position
and alignment on the scanner. Second, the microwave absorbers used to cover the scanner
frame, walls in the room and other parts of the measurement set-up were replaced with
unpainted carbon loaded millimetre-wave absorber material to reduce the reflections in the
room. Third, the planarity of the scanner motion was measured by a team from South Carelia
Polytechnic using a tracking laser interferometer to produce a planarity error map of the
scanner surface. Finally, the cable flexing induced phase error measurement and correction
system [110] developed earlier in the Radio Laboratory was utilised as a part of the
measurement system. The planar near-field scanner was also cleaned and lubricated.

After the dual reflector feed system testing, the gained experience allowed further
improvements to the measurement facilities. Additional optical tables were procured and an
air-conditioning system for maintaining a constant temperature in the room was installed.
Also, the planarity of the scanner was re-measured and compared to the previously measured
planarity. These improvements were utilised in the measurements of the test holograms and
polarisation grids described in Section 6.3.

7.2.1 Probe mounting

The existing probe mountings were removed and replaced with more precise mechanical parts
manufactured under the author’s specifications in the workshop of the Metsdhovi Radio
Observatory before the DRFS testing. The receiver was mounted on a shelf attached to the
scanner and this shelf and the other parts were machined with 30 pum tolerances. The shelf
was aligned horizontally by attaching it perpendicularly to the vertical rail of the scanner. An
alignment collar was placed on top of the shelf for repeatable and accurate probe positioning.
In the measurements, the probe horn is inserted into the opening in the collar so that the
flange of the horn is pressed against the collar. The opening is then tightened around the horn
by pressing the top of the collar down with a screw to immobilise the probe.

A receiver positioner was constructed to allow the probe to be inserted to the opening with the

receiver (ESA-2 extension of the AB Millimétre MVNA) attached to the probe via the
waveguides and flanges. The positioner and the alignment collar were placed on a z-direction
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translation stage allowing fine-tuning of the measurement distance for investigation of
potential standing waves between the probe and the antenna under test. The probe and
receiver mountings are shown in Figure 7.1.

Figure 7.1 Photograph of the probe and receiver mountings.

The receiver, the shelf and the alignment collar are covered with absorbers during the
measurements. The improved probe mountings allow a higher precision and repeatability in
the alignment of the probe in relation the scanner plane and a more repeatable orientation of
the probe polarisation, and probably also more accurate orientation of the probe for the
vertical polarisation normally used in the measurements. Currently, the vertical rail in the
scanner is assumed vertical and the orientation of the probe polarisation is based on the
mechanical precision of the supporting components in reference to this rail. For exact
orientation of the probe for very accurate polarisation measurements, the xy-motion of the
scanner should be verified against a precise horizontal reference obtained with a granite
reference plate levelled with high precision water scales and by then aligning the polarisation
of the probe perpendicular to the horizontal reference plane. Water scales up to the reading
precision of the tilt of 10 um per 1 metre corresponding to the tilt angle of 0.00001° are
commonly available and one was procured for the Radio Laboratory. Unfortunately, the
precision of it is too high for determining the level of the probe mountings as the readings are
off the scale, i.e., the horizontal plane is off by at least 100 pm per metre (0.0001°) and the
whole 2 m X 2 m scanner frame cannot be re-levelled more precisely due to the size of the
structure and more importantly, due to the lack of high precision mechanical references in the
scanner structure.

7.2.2 Replacement of the absorbers

The absorbers covering the scanner and the measurement room were replaced with mm-wave
absorber material (Eccosorb VFX-NRL?2). In addition, the number of the absorbers used in the
room was increased for better mimicking of an anechoic chamber with lower ambient
reflection level. On the back wall behind the scanner, absorbers were placed semi-
permanently in order to reduce the variation in the absorber placement affecting the scattered
field in the room. The old microwave absorbers and the new unpainted mm-wave absorbers
attached semipermanently to the scanner frame and the back wall are shown in the
photographs in Figure 7.2.
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Figure 7.2 Photographs showing the microwave absorbers in a) old hologram test-set-up
during the first sub-mm measurements and b) the new mm-absorbers during the DRFS
testing. Some of the absorbers have been removed from both set-ups for the photos.

The reflectivity of different types of the absorbers at sub-mm wavelengths have been studied
in the Radio Laboratory for selecting suitable materials for the construction of different test
measurement set-ups [116, 117]. For of absorbers used in the measurement set-ups (Eccosorb
VFX-NRL2), the measured reflectivity for a perpendicular plane wave incidence is below -50
dB at 310 GHz [117]. Therefore, this material is highly suitable for sub-mm wavelengths —
although the unpainted surface emits large amounts of carbon particles during handling,
which can contaminate electronics and optics.

7.2.3 Measured probe movement in the scanner

The planarity of the probe movement was measured by a team from South Carelia
Polytechnic with a tracking laser interferometer, i.e., a laser tracker by Leica. A target was
attached to the probe mountings and the whole scanner surface was then scanned with the
laser tracker following the target and recording the movement of the probe, which started
from the bottom right corner of the 1.5 m x 1.5 m scan area. The scanner was measured in
Cartesian coordinates with the positive z-axis pointing towards the scanner when viewed from
the front and the positive y-axis pointed upwards. In this coordinate system, the variation of
the measured z-coordinate corresponds to the planarity error in the scanner. The scanning was
done as follows: first, the probe was moved up in a vertical scan and then the probe was
moved sideways and another vertical scan was done this time with movement downwards,
i.e., the two dimensional surface was scanned with a zigzag motion with 1 mm sampling
spacing for the probe coordinate in the vertical scans. The spacing of the vertical scans was 40
mm. The planarity measurements were carried out twice: once before the DRFS testing and
again two years later. The results are shown in Figure 7.3.
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Figure 7.3 Measured planarity error of the scanner movement:
a) before DRF'S testing,
b) difference in the second measurement compared to the first measurement.

The measurement uncertainty of a coordinate with the laser tracker is 10um + Spum per metre
of the measurement distance [118]. As the measurement distance was of the order of 2 metres,
the uncertainty in the z-coordinate is £20 um. This uncertainty is the 3¢ value corresponding
to a larger than 99% confidence interval. In practise, the rapid noise like variation in the
measured z-coordinate was typically approximately £10 pm. As can be seen in Figure 7.3, the
scanner surface is most planar around the central region of the scanning area and therefore
this region has been mostly used for the near-field scanning. The two different measurements
of the scanner surface gave almost identical planarity data for the scanner as the difference in
the measured z-coordinates is within 40 pm peak-to-peak.

Later the xy-motion of the scanner was also investigated based on the laser tracker data on the
xyz-probe coordinates during the 2D scan. The nominal precision of the probe position is 100
um. The deviation of the sampling interval in the measured coordinates from the nominal
interval is shown in Figure 7.4 for the x- and the y-coordinate of the probe position.
Unfortunately, the absolute orientation of the scanner could not be verified as the laser tracker
was not levelled and there was approximately 0.2° tilt between the horizontal x-axis in the
tracker coordinates in relation to the horizontal axis of the scanner. The tilt has been
computationally removed from the data shown in Figure 7.4.
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Figure 7.4 Measured probe position error in the scanner movement in two-dimensional scan
consisting of consecutive vertical scans:

a) x-coordinate error,

b) y-coordinate error.

Apparently, the position sensor for the vertical rail, on which the probe is mounted, is placed
at the bottom of the rail as the x-position of the probe is correct within +£100 um (the nominal
position accuracy of the scanner) at the bottom near y=0 mm. The variation in the x-
coordinate of the probe is cyclic; it is possible that the positioning control ignores errors
smaller than 100 pm allowing the errors to built-up and the direction of the error built-up is
periodically reversed when the maximum error of £100 um is reached. As scanning is done
up and down in a zigzag fashion, the probe and the mass associated with it and its mountings
moves up and down contributing to the periodical error, which is about three times larger in
the upper end of the vertical rail. The non-linearity of the horizontal rails as the vertical rail
moves along rails in the bottom and top of scanner may also contribute this larger error in the
upper end of the vertical rail. The vertical rail wobbles in the x-direction in the two-
dimensional scan. In one dimensional scan, as can be seen in Figure 7.4 b), the error in the
probe position is very small based on the measured spacing of the points and it cannot be
separated from the laser tracker coordinate measurement uncertainty of 20 um.

The wobble in the vertical rail during the scan can be a serious problem as the probe
positioning error may be up to £300 um near the upper end of the vertical rail and also the
orientation of the probe is rotated as there is a difference of up to 600 pm between the x-
coordinates at the lower and upper ends of a vertical scan. This corresponds to a tilt of 0.03°
in the probe orientation affecting the polarisation of the probe. In addition, the scan direction
varies from the vertical as the rail wobbles during the two-dimensional scan.

In a one-dimensional scan, i.e., when horizontal or vertical field cuts are measured, the probe
movement is not exactly linear and the y-position of the probe in the horizontal scans varies
and correspondingly, the x-position varies in the vertical scans. This was investigated by
measuring the probe movement during horizontal and vertical scans in the centre region of the
scanner. The results for the horizontal and vertical scans are shown in Figure 7.5, where two
consecutive scans measurement in 2002 are plotted together with scans done in 2004.
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Figure 7.5 Measured probe position error in the scanner movement in one dimensional
scans:

a) error in the y-coordinate in horizontal scans,

b) error in the x-coordinate in vertical scans.

In the horizontal scan, there is a highly repeatable curvature in the vertical position of probe
and a periodic error of about 60 um peak-to-peak. The laser tracker measurement of the probe
motion in vertical scans show that the x-coordinate of the starting points varies within the 100
um lock window of the scanner and there is approximately 500-600 pum tilt in the direction of
the probe motion. This indicates that also the wobble in the scanner movement is quite
repeatable and the tilt in the direction of the vertical depends on the position on the scanner as
shown in Figure 7.4 a).

7.2.4 Improved ambient temperature stability

The ambient temperature affects the operation of the measurement system and temperature
changes cause changes to the operation of the system, which induce measurement errors. The
properties of the cables change as the function of the temperature, i.e., their electrical length is
affected by the operating temperature, and the electronic devices are also influenced by the
temperature. The mechanical structures suffer from thermal expansion — for example,

aluminium has a thermal expansion coefficient of about 2.3+10° m/°C. As the scanner frame
is built from aluminium with largest dimensions of the order of 2 metres, the thermal
expansion can cause dimensional changes up to 50 um per one degree in the temperature.
This may affect the planarity of the scanner and the probe movement. The most significant
effect of the varying ambient temperature on the measurement electronics is the thermal drift
in the system, i.e., the time variance of the results.

In order to minimise the measurement errors caused by the temperature fluctuations, the
ambient temperature should be kept as constant as possible. During the dual reflector system
testing, the measurements were carried out at the time when the sun was not shining as the
measurement room is located in the corner of the building on the top floor. The temperature
was also regulated by controlling the ventilation in the room manually to keep the temperature
at 22 + 1°C. The uncontrolled daily temperature variation was up to 3-4°C in late spring when
there is a large temperature difference between a sunny afternoon and the night.
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After the experiences on the effects of the temperature fluctuations, an air-conditioning
system was procured and installed into the room. The system is based on continuous air-flow
and control of the output air temperature. In Figure 7.6, the ambient air temperature in the
room measured with a high precision thermometer (Vaisala HMI38) is shown. The air-
conditioning system was set to maintain different temperatures (by 0.5°C) in these
measurements.
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Figure 7.6 Measured air temperature in the measurement room:
a) temperature stability during 45 minutes,
b) temperature stability during 48 hours.

The variation in the ambient temperature was about £0.15 °C during a period of 45 minutes
and about the same during 48 hours. The sampling interval was 30 seconds in the 45 minute
measurement and 12 minutes in the 48-hour measurement, which results to under sampling of
the temperature variations as seen Figure 7.6 b). No significant long term variations in the
temperature can be observed. As the structures in the room have thermal capacity, the
temperature of the mechanical structures remains in practise constant. The installation of the
air conditioning has mostly eliminated the drift in the system.

7.3 Effect of the measurement errors on the measurement
uncertainty

The error sources listed in Section 7.1 have a contribution to the total combined measurement
uncertainty. In order to study the effect of the potential measurement errors on the
measurement accuracy, two test cases are considered: a spherical wave and a plane wave. The
spherical wave is a simplification of the dual reflector feed system beam and the plane wave
represents the quiet-zone field of a hologram. The effects on both the amplitude and phase
measurement uncertainty are considered in the co- and cross-polarisation measurements and
the measurement uncertainty in relative amplitude and phase pattern measurements is
estimated both in one-dimensional and two-dimensional scans. For simplicity, the uncertainty
analysis is limited to the most significant central region (200 mm % 200 mm) in the scan area,
where the co-polarised field amplitude is nearly constant. Outside this region, the exact
measured values and the measurement uncertainty are less significant.
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7.3.1 Probe pattern

The probe pattern is used for the probe correction in the measurements of a spherical wave,
such as the DRFS radiation. The direction of arrival depends on the probe position in the scan
area as the spherical wave originates from a single point, the phase centre. The scan area used
was at maximum 600 mm x 600 mm and the focal length of the DRFS was 1800 mm, which
corresponds to directions of arrival of approximately between +£9.5° in the horizontal and
vertical cuts, and £13.2° in the corners of the full two-dimensional scan. In the 200 mm x 200
mm area the directions of the arrival are +6.3° and +£8.9°, respectively.

As the corrugated horn used is not an omnidirectional probe, the effect of the varying
direction of the arrival for the spherical wave under measurement has to be compensated by
removing the effect of the probe directional pattern from the measured data computationally.
For this purpose, the theoretical radiation pattern of the probe is used as the uncertainty in the
measured pattern shown in Figures 6.21 and 6.22 is too large for realistic determination of the
possible error in the probe pattern. In this case, the probe pattern has no contribution to the
overall measurement uncertainty. Alternative, a conservative estimate could be done for the
uncertainty of the amplitude in the probe pattern by using the deviation between the measured
pattern and theoretical pattern as the measure of the uncertainty in the probe pattern. The
measured maximum amplitude deviation was about 0.2 dB and this provides the upper bound
for the amplitude uncertainty due to the probe pattern as this result includes also the
measurement uncertainty.

7.3.2 Probe alignment

During the near-field scanning the probe may point to the wrong direction, which corresponds
to the rotation of the horn around the x- and y-axes. As the precision of the probe mounting
mechanics is quite high and the wobbling of the vertical rail during two-dimensional
corresponds less than 0.03° in the probe orientation, the corresponding total misalignment of
the probe can be assumed only a fraction of a degree. These small potential rotations around
the x- and y-axes do not have a significant effect on the direction of the arrival in the
measurements. In addition, the probe pattern is rather wide so the effect of the probe
alignment is negligible in the co-polarised amplitude and phase measurements.

7.3.3 Probe polarisation

The probe orientation affects the probe polarisation. This and other probe related issues
affecting the cross-polarisation level measurements are considered next.

7.3.3.1 Polarisation properties of the probe

The polarisation of the probe is determined by the co-polarised and cross-polarised

component of the probe field. The ratio of the cross-polarised power P, . ., to the co-

polarised power P, ,, ., ., 1s the polarisation ratio y of the probe
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P‘OEX-O
g = (7.1)

probe,co- pol

The received power in the cross-polarised incident field component is suppressed by this
ratio y in comparison to the power of the co-polarised field component. These polarisations of

the incident field are in relation to the probe polarisation. The total measured power P. is the
sum of the powers received at both probe polarisations:

])r = Pprube,co—pol + ZPpmbe,x—pol > (72)
where P, .. . ., and P, . . ., are the incident power at the co-polarisation and cross-

polarisation of the probe and y is the polarisation ratio of the probe. The received power
when the probe is oriented along the co-polarisation of the incident field, i.e., when the co-
polarisation of the probe and the incident field are parallel, can be written in the case of the
linear vertical polarisation as

1

Py = Z((EW P+ (£, F), (7.3)

where E,, and E, are the amplitudes of the vertical and horizontal components in the

incident field. When the cross-polarised field is measured, the probe is turned by 90° so that
the probe co-polarisation is aligned parallel to the cross-polarisation of the incident field and
the received power becomes

1
P pt = % ((Eh()r )2 + Z(Eve,- )2 ) (7.4)

In (7.3) and (7.4), the probe is assumed to receive all the incident power. For simplicity, let us
consider the case of an incident field with linear vertical co-polarisation and linear horizontal
polarisation as the cross-polarisation. The amplitude (and power) of the incident field is
constant and normalised to 0 dB. The cross-polarised power is determined in relation to co-
polarised power with the cross-polarisation level X

Iji,x—pol

X = (7.5)

i,co-pol

where B, is the cross-polarised and F, , ,, is the co-polarised power in the incident field.
This situation corresponds to the quiet-zone of the hologram and the central region of the
DRFS beam, where the amplitude is nearly constant. The measured power at the co-
polarisation of the incident field can be computed with (7.3) and the measurement error due to
the coupling of the cross-polarised power to the co-polarisation can be computed with

P = yP

error ,co- pol i,x-pol >

(7.5)
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where P, is the cross-polarised incident power. Similarly, the error in the measured

power at the cross-polarisation due to the coupling of the co-polarised power to the cross-
polarisation is

= Iji,w—pol : (76)

error,x-pol

The error in the measured cross-polarisation level is caused by the error in the co-polarised
power and the error in the measurement of the cross-polarised power. The measured cross-
polarisation level is the ratio of the measured cross-polarised power P

r,x-pol

to the measured
co-polarised power P

r,co-pol

X — })’,X'POI — E‘hor2 +ZEver2 — XEver2 +ZEver2 — X+ Z (7 7)
measured ])r,co_p()l E er2 + ZEhmz E 2 + ZXE 2 1 + ZX .

Vi

ver ver

In Figure 7.7, the computed cross-polarisation in the diagonal pattern cut of the corrugated
horn used as the probe is shown together with the cross-polarisation level measurement error
computed with (7.7) for different probe cross-polarisation ratios.
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Figure 7.7 Computed cross-polarisation:
a) polarisation ratio of the probe,
b) measurement error due to different probe polarisation ratios.

The theoretical cross-polarisation ratio of the probe is -42.6 dB in the corners of the 200 mm
x 200 mm scan area in the two-dimensional scans. In theory, the corrugated horn has no
cross-polarisation in the horizontal and vertical pattern cuts and therefore, the probe receives
only the co-polarised field in these directions. In practise, the physical structure of the probe
introduces some level of cross-polarisation to the actual probe pattern. As an conservative
estimated, the polarisation ratio in the diagonal direction is used in all directions of arrival for
the corrugated horn probe. This approach results to cross-polarisation ratio of -48.6 dB in
horizontal and vertical cuts at the edges of the 200 mm x 200 mm scan area. In determination
of the polarisation measurement uncertainties, this maximum cross-polarisation level is
assumed for the probe used.
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As can be seen in Figure 7.7 b), the measured cross-polarisation level saturates to a value
approximately equal to the cross-polarisation suppression ratio (cross-polarisation) of the
probe and cross-polarised fields with amplitude below this cannot be measured accurately as
the cross-coupling from the co-polarised field dominates in the measured amplitude.

At the co-polarisation, the error in the measurements due to the cross-polarisation of the probe
in the quiet-zone of a hologram CATR or inside the most significant central region of the
DRFS beam is negligible. In the edges of the scan area, the cross-polarised field amplitude
can be higher than the co-polarised field amplitude and this error becomes more significant,
but in the central 200 mm x 200 mm region the co-polarised field amplitude is always at least
10 dB larger than the cross-polarisation. In this region, the error in the measured co-
polarisation amplitude is less than 0.01 dB.

7.3.3.2 Effect of the probe orientation

The rotation around the z-axis, i.e., the probe orientation, affects the cross-polarisation level
measurements — the orientation error can be caused by two factors: the probe may be rotated
in the probe mountings in relation probe z-axis and/or the probe movement track may be tilted
in relation to the polarisation of the antenna under test. The orientation of the probe motion
can also vary; for example, the wobble or a tilt in the scanner orientation in relation to the
antenna under test may affect the direction of the probe movement. In addition, the probe
rotation may deviate from 90° when the polarisation of the probe is change using a waveguide
twist.

Let us again consider for simplicity the typical case in the measurements described in this
thesis, where the co-polarisation is the linear vertical polarisation and the cross-polarisation is
the linear horizontal polarisation. When the probe is tilted by angle a in the co-polarised
measurements and by y in the cross-polarised field measurements, these polarisations are no
longer vertical and horizontal for the probe polarisation. The situation is illustrated in Figure
7.8. For simplicity, only positive angles are considered as only absolute values are needed for
the worst-case analysis.

160



T E ver

E ver . A
A
'4 E probe co-pol
J
!
a ;
/\";
{
! —
'I' E probe,x-pol
! 4 =
/ ! E hor
... i - 7>
-TP E hor ~~~~~~~ ?‘/‘ -~ T
E Yoo T E probe co-pol
probe,x-pol T N
a) b)

Figure 7.8 Rotation of the probe polarisation in relation to the polarisation of the incident
field:

a) co-polarisation measurement,

b) cross-polarisation measurement.

The effective cross-polarisation ratio of the probe depends on the orientation of the probe as
the coupling from the co-polarisation to the cross-polarisation increases when the tilt angle
increases. The total power received is the sum of the powers received at both polarisations as
given in (7.2) and the incident amplitude at the co- and cross-polarisation of the probe in the
co-polarisation measurement can be written as

=cosa*E , +sina*E (7.8)

probe,co-pol hor >

probe,x-pol =sma Ever tcosae Ehur > (79)

where E  and E,  are the vertical (co-polarised) and horizontal (cross-polarised) incident

field amplitudes. Similarly, when the probe is rotated to measure the cross-polarised field
amplitude

E' oo = SN * E,,, +c05y*E, . (7.10)
E iyt —COSYE, tsiny*E, . (7.11)
The angle y is defined as

y=a+p, (7.12)

where a is the tilt of the probe and S is the deviation of the probe rotation from 90° when the
polarisation is changed. The received power in the co-polarisation measurement for a lossless
probe is given by
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Py = %«ma -E, ) +GinaE, F+ ylsina-E, F +(cosa-E,, })), (7.13)

and the received power in the cross-polarisation measurement is

1

=g lbinye 5, ) eony o6,V 4 allosyoe, F oing £ P

The cross-polarisation level is computed with (7.5) from the measured powers at the both
polarisations, so the measured cross-polarisation level can be written as

s ingenF eonpeE) s leony £ Y ~biny o)
measured ])r’co_p()l - (COS ae Ever )2 + (Sin ae Ehor )2 + ;(((Sln e Ever )2 + (COS a-° Ehor )2)

_ sin’yE,, " +Xcos’ yE,,” + ycos’ jE,, " + yXsin’ yE,,”
cos’aE, }+Xsin’aE,, >+ ysin’aE,,’ + yXcos’ aE,,’
_ sin’ 1+ %)+ cos® y(y +X)

sin? aly + X)+cos? all + yX)

B y+ X +tan’ 7(1+;(X)

1+ X +tan aly +X)

(7.15)

where X is the cross-polarisation level in the incident field and y is the polarisation ratio of the
probe. In the case of f=0°, i.e., y=a and the probe is rotated exactly 90° when the polarisation
is changed, (7.15) becomes

y + X +tan’ a(l + ;(X)
measured = 2 H] (716)
‘ 1+ yX +tan a(;(+X)
and in the case when o=0° (no probe tilt at the co-polarisation) (7.15) becomes
+X +tan” Bl + yX
Xmeasured = Z ﬂ( Z ) . (717)
I+ X

In Figure 7.9 a), the effect of an error in the probe orientation, i.e., probe tilt, on the measured
cross-polarisation level is shown with different errors in the probe orientation and in Figure
7.9 b) the effect of an error in the 90° rotation of probe when the polarisation is changed is
presented. The probe cross-polarisation ratio is -40 dB in the plots.
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Figure 7.9 Effect of the rotation of the probe polarisation in relation to the polarisation of the
incident field:

a) tilted probe orientation,

b) error in the probe rotation in the cross-polarisation measurements.

By comparing Figures 7.9 a) and b), it can be seen that there is no significant difference
whether the probe is tilted or the polarisation twist is not exactly 90° — there is a similar error
in both cases as (7.16) and (7.17) also indicate for small values of a, # and y. If the vertical
axis of the probe differs from the direction of the vertical polarisation of the incident field by
0.5°, the corresponding tilt is about 8.7 mm per metre, which is unlikely to exists in the
system or in the measurement set-up as such a tilt should be clearly visible. In the case of the
0.5° error in the probe rotation when the polarisation is changed, the corresponding distance
on the approximately 25 mm circumference of the probe surface is about 35 um, which is on
the other hand quite feasible as the probe and receiver mountings affect the probe orientation
also. Therefore, the polarisation twist is a more significant error source in the cross-
polarisation level measurements. It should be also noted that (7.15) can be approximated as

R,x—pol X+ tanz V4 X+t 2 (7 18)
= ~~ ~ an .
measured P 1 + X tanz a }/ 4

r,co-pol

when y<<X, X<<0 dB and the angles a and y are small, i.e. when the cross-polarisation level
of the probe is much lower than the cross-polarisation level under measurement, the cross-
polarisation level under measurement is low and the probe orientation error is small.

The error in the co-polarised field measurements due to the orientation error of the probe in
the quiet-zone of a hologram CATR or inside the significant central region of the DRFS beam
is negligible as the co-polarised field amplitude is always at least 10 dB larger than the cross-
polarisation in the most interesting region. The error in the measured co-polarisation
amplitude is then much less than 0.01 dB.
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7.3.4 Antenna under test alignment and positioning

The planar near-field scanner is used in this thesis to probe the field radiated by the DRFS or
the hologram. In the case of the hologram, the hologram is aligned into the angle of 33° in
relation to the scanner so that the radiated plane wave is perpendicular to the scanner surface.
The alignment is done using a laser distance meter or measuring tape. Both methods have a
measurement uncertainty of the order of 1 mm, which means alignment uncertainty of about
+0.2°. This uncertainty is insignificant, as the feed position and alignment are optimised to
produce a plane perpendicular to the scanner surface, i.e., the hologram misalignment is
compensated with the feed positioning and alignment. In the case of the DRFS, a digimatic
indicator (Mitutoyo IDC-112B) attached to an extension arm was used to measure difference
in distance from the probe mount to horizontal and vertical surfaces on the outer surface of
the DRFS. The digimatic indicator has a nominal precision of £2 um, but the steel feeler pin
scrapes the aluminium on the DRFS surface to the dept of about 5-10 pm making the actual
uncertainty in the relative distance measurement +10 um. The baselines were 320 mm and
160 mm in the horizontal and vertical surfaces. This makes the corresponding alignment
uncertainties £0.008° and +0.004° as the DRFS was aligned perpendicular to the scanner
within the +10 pm precision in the relative distance measurement. This alignment uncertainty
gives the uncertainty for the potential DRFS beam direction measurement. However, as only
the relative beam amplitude and phase were measured in relation to the beam centre defined
as the closest point on the scanner to the DRFS focus, the DRFS alignment is not very
significant in these measurements and the achieved alignment accuracy was excellent.

The measured relative amplitude and phase in the quiet-zone of a hologram are not very
sensitive to measurement distance as the propagating field is essentially a plane wave and the
+1 mm uncertainty in the measurement distance is extremely low for these measurements. In
the case of the spherical wave originating from the DRFS focus or phase centre, the
measurement distance is more significant as the measured phase depends on the relative
electrical path length at the measured point in relation to the beam centre. The measurement
geometry is illustrated in Figure 7.10.

probe
scanner plane

spherical wave

phase centre
Figure 7.10 Effect of the incorrect probing distance on a measurement of a spherical wave.

The distance » from the phase centre is given by

r=AR>+p> =R +x* +7, (7.19)
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where R 1s the measurement distance defined as the shortest distance from the phase centre to
the scanner plane and the radial distance p is defined by the xy-position of the probe in
relation to the beam centre. The error in the relative electrical path length Ar can be
determined with

Ar=(r-R)-(r-R)=/(R+AR)* + p> -(R+AR)-/R> + p> +R

(7.20)
Z\/(R+AR)2+p2-\/R2+p2-AR

where R’=R+AR ,AR is the error in the measurement distance and x,y are the probe
coordinates. For x=y=200 mm, R=1800 mm and AR =+1 mm, the resulting relative electrical
path length error is about 12 pum, which corresponds approximately to a phase error of +4.3°
at the frequency of 310 GHz. This error is rather large and the measurement distance is
significant when the relative phase of a spherical wave is measured using a planar near-field
scanner. The measurement distance and the AUT alignment are much less significant in the
amplitude measurements.

7.3.5 Probe positioning

The probe xy-position is especially important when the phase of a spherical wave is being
measured as the phase changes quickly over the scanning plane and an incorrect probe
position may result into quite large measurement error. In the case of the plane wave, this
probe position error is less significant — provided that the sampling spacing is small enough
for accurate sampling of the ripple in the quiet-zone. Similarly, the amplitude is nearly
constant in the most interesting central region of the DRFS beam and in the quiet-zone of a
hologram. The probing geometry is illustrated in Figure 7.11.

A ’ probe 7 4 prObe
R
plane wave
spherical wave
scan centre phase centre
a) b)

Figure 7.11 Probing geometry with a planar near-field scanner:
a) incident plane wave,
b) spherical wave.

The distance » from the phase centre is given by (7.19) and the error in the electrical path
length Ar can be then determined with

Ar = r'—rz\/R2 +p" —\/R2 +p° :\/RZ +(x+Ax)’ +(y+Ay)2 JRPAXP YT, (7.21)

where R is the measurement distance, x,y are the probe coordinates, and Ax , Ay are the error in
the probe coordinate. When R=1800 mm, x=y=200 mm and the worst-case error is
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Ax=Ay=+100 pum, the electrical path length error Ar is £22 pum, which corresponds to

approximately +8° at 310 GHz. The probe xy-position error is caused by the 100-um lock-
window in the scanner probe positioning system and by the non-ideal probe motion discussed
in Section 7.2.3.

In addition to the probe positioning errors, the probe movement during the sampling causes a
slight positioning error. Typical integration time for one sample is 0.01 s and the minimum
probe speed in horizontal and vertical scans was 2 mm /s, which means that the probe moves
during the integration time 20 um. The effective probe position is then offsetted by 10 pum.
Two-dimensional scans for measuring contour maps of the incident field are measured with
higher speeds to reduce the otherwise very long measurement time. The speed used was 10
mm /s, which results into 100 um during the sample integration and into 50 pm offset in the
effective probe position in the direction of the probe movement. The offset in the probe
position can be compensated by adding these offsets to the probe position.

7.3.6 Scanner planarity

The scanner non-planarity causes variation of the probe z-coordinate, which affects the
measurement distance. The error does not affect the measured amplitude significantly.
However, it has a significant effect on the measured phase as the resulting phase error AY is

Az
A =-—=360°, (7.22)

where Az is the deviation of the probe position from the scanning plane and 4 is the
wavelength. This equation is valid only for incident plane wave, but as the resulting
difference in the path length error due to an incidence angle of below +10° is less than 2 %,
(7.22) can be used for correcting the scanner planarity errors in the phase measurements also
for the spherical wave. In Figure 7.12, the planarity of the probe motion in the 300 mm x 300
mm scan area is shown when the linear slope has been removed together with the resulting
phase measurement error. The AUT is aligned perpendicular to scanner surface and the linear
slope is then compensated in the actual measurements also.

166



phase error [°]
1 (/J1 8

y [mm] i x [mm]

Figure 7.12 Measured planarity of the near-field scanner:
a) scanning surface in the area used for the measurements,
b) corresponding phase measurement error.

The maximum planarity error in the area used for the measurements is 70 um peak-to-peak,
which corresponds to a maximum phase error of 26° peak-to-peak at the frequency of 310
GHz.

7.3.7 Sub-mm wavelength instrumentation

The sub-mm wavelength instrumentation consists of the electrical equipment needed for the
amplitude and phase measurements: the transmitter, the receiver, the connecting cables,
waveguides, the network analyser and the control computer. The network analyser is MVNA-
8-350 by AB Millimeétre and it is equipped with sub-mm wave extensions ESA-1 and ESA-2,
which are used as the transmitter and the receiver in the near-field measurements. The ESA-1
is a Gunn-diode based frequency multiplier followed by the necessary filters and other
components and ESA-2, the receiver, is a Gunn-diode pumped harmonic Schottky-diode
mixer with the associated components. The output or input waveguide, where the corrugated
horn is attached, is WR-3 waveguide with a standard UG-387/U-M flange. The transmitter
and receiver are phase-locked to a common reference in the MVNA, which enables the
measurements of both amplitude and phase. A waveguide twist is used to change the
orientation of the horn for the horizontal polarization.

In this section, the measurement error sources related to the sub-mm wave instrumentation
and their contribution to the measurement uncertainty are considered. The system has an
overall measurement uncertainty dependent on the signal-to-noise ratio (S/N) in the
measurements. Other error sources include the cables as ESA-2 receiver uses remote mixing
and the flexing of the local oscillator cable of the phase-locking circuit of the Gunn-diode
source affects the measurement results. In addition, the waveguide connections affect the
repeatability of the measurements.
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7.3.7.1 Effect of the noise on the precision of the vector network analyser

As the measurement system is based on the vector network analyser with the sub-mm
wavelength extensions, the precision of this system is the basis of the precision of the whole
system. According the MVNA 8-350 specifications [119], the precision of the network
analyser is better than 0.1 dB in amplitude and 1° in phase when the signal-to-noise ratio is
larger than 40 dB, and when S/N > 15 dB, better than 2 dB and 10°. When S/N=20-30 dB, the
uncertainties are 1.5-4° in phase and 0.35-1 dB. The typical dynamic range in the
measurements is about 50-60 dB, which means S/N > 30 dB in the co-polarisation
measurements and in the cross-polarisation measurement for cross-polarisation levels higher
than -20 dB. The S/N for the -30 dB cross-polarisation level is close to 30 dB in most cases
and always larger than 20 dB. Therefore, the uncertainty in the cross-polarisation level
measurements is approximately 0.4 dB. The uncertainty is also affected by the integration
time, which affects the S/N, but these values based on MVNA specifications are assumed
sufficiently accurate.

7.3.7.2 Cable flexing induced phase measurement errors

The movement of the receiver on the scanner together with the probe bends the local
oscillator signal (17.2 GHz) cable of the phase locking system for the Gunn diode providing
the LO for the Schottky-diode mixer in the ESA-2. This changes the electrical length of the
cable. In the Radio Laboratory, a 14.5 GHz pilot signal based measurement system for
measuring the effective electrical length of the cable and for correcting the resulting phase
measurement system have been developed [110]. In Figure 7.13 a), the measured phase error
due to the cable bending during horizontal and vertical scans is presented and in Figure 7.15
b) the error in the correction is shown. This error was measured by Dr. Jussi Siily by flexing
the cable using the near-field scanner while the transmitter and the receiver wave kept
stationary so that the measured phase variation is caused by the cable bending [120].
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Figure 7.13 Cable flexing induced phase measurement errors:
a) measured phase error due to the cable bending at 310 GHz [O17],
b) accuracy of the cable flexing correction system [120)].

The cable bending causes phase measurement errors approximately up to +£4° in the 200 mm
x 200 mm scan area and the uncertainty in the measured phase at the frequency of 310 GHz
after the cable flexing correction is about +2°. The phase error becomes more significant
when larger areas are scanned as the cable bending becomes more severe.

7.3.7.3 Repeatability of the waveguide connections

The repeatability of the measurements is especially significant in the cross-polarisation level
measurements as the measured amplitude at the cross-polarisation is compared to the
amplitude at the co-polarisation. In co-polarisation measurements, the potential variation in
the measured amplitude is not significant as usually only relative values are needed and the
amplitude is normalised in the scans. The receiver (or the transmitter also) is switched off
when the polarisation is changed using a waveguide twist. In order to investigate the
repeatability of the measurements, the polarisation was switched back to the co-polarisation
by removing the waveguide twist after cross-polarisation measurements and the results were
compared to the co-polarisation measurements done before changing the polarisation. The
phase was not compared, as the phase lock is lost when the receiver is switched off. The
attenuation of the waveguide twists and flanges was not investigated as the losses are quite
low and difficult to measure precisely. The maximum difference in the measured amplitude
was about 0.4 dB in four separate tests. Therefore, the uncertainty in the measured power
level is about 0.4 dB due to the variation in the receiver operation point and the waveguide
connections.
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7.3.8 Measurement environment

The measurement environment affects the measurement results in many ways: scattering from
the room causes measurement errors, vibrations in the building affect especially the measured
phase and the changes in the ambient temperature affect the operation of the measurement
electronics and causes distortions to the shape of the mechanical structures caused by the
thermal expansion. The effect of the ambient temperature changes on the measurement
accuracy is considered next as this the most significant of these error and it is most easily
investigated.

7.3.8.1 Ambient temperature

Before installation of the air-conditioning, the daily variation in the room temperature was up
to 3-4°C in late March in Finland, when there can be close to +10°C and sunshine in the
afternoon and -10°C before the sunrise at night. The measured relative phase in the horizontal
cut of the quiet-zone of a hologram at 310 GHz at different temperatures during the same day
i1s shown in Figure 7.14. In this measurement, the feed position was not optimised for best
quiet-zone field quality nor was the measured planarity of the scanner surface taken into
account. The phase was normalised to 0° at the centre of the scan in order to study only the
changes in the shape of the phase front as the function of the ambient temperature.

—— +26.3°C
-- +25.7°C
- +24.7°C
— +24.1°C
—m +23.7°C
-- +23.2°C
— +22.8°C

O I i I i i i I
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Figure 7.14 Measured quiet-zone phase at 310 GHz at different ambient temperatures.

The maximum variation inside the 200 mm central region of the scan corresponding to the
quiet-zone of the hologram is close to 10° peak-to-peak, which is about 30 um in the electrical
path length at 310 GHz. This measured difference in the phase front shape includes naturally
the phase measurement uncertainty but nevertheless, as the set-up was not changed in any
way between the measurements, it can be concluded that the ambient temperature has an
effect on the measured phase pattern probably due to the thermal distortions in the scanner
structure as discussed in Section 7.2.4.

The ambient temperature variation has also a significant effect on the drift in the measurement
system. Figure 7.15 a) shows the change in the measured phase at 310 GHz in two
measurements of the quiet-zone phase done with a two-hour interval between them and Figure
7.15 b) shows the effect of the phase drift on the measured phase in an approximately two-
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hour long two-dimensional scan. The horizontal cut in the two-dimensional scan is compared
to a separately measured horizontal scan as the two-dimensional scan consists of consecutive

vertical scans.
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Figure 7.15 Measured phase drift in the measurement system.
a) measured phase drift in two hours at 310 GHz,
b) effect of the phase drift in a two-dimensional scan taking about two hours.

The phase drift during two hours was about -35° and this drift tilts the measured phase front
in the two-dimensional scan. The corresponding amplitude drift was about -0.5 dB. This drift
during a typical two-dimensional near-field scan results into phase uncertainty of about +12°
within a 200 mm x 200 mm scan area (approximately +0.35 dB in amplitude) due to the
potential phase tilt caused by the drift during the scan of the 200 mm % 200 mm area. Note
that the measurement result in Figure 7.16 b) is a separate measurement from 7.16 a) and as
the drift is not linear, the actual phase error may vary. In one-dimensional cuts, the drift is
negligible as the scan takes at maximum a couple of minutes.

It was later discovered that main contribution to the drift in the measurement electronics
comes from the cable flexing phase correction system and a temperature-stabilised version of
the system is being developed in the Radio Laboratory. The installation of the precision air-
conditioning system in the measurement room has in practise eliminated the drift in the
measurement instrumentation.
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7.4 Methods for reducing the measurement uncertainty further in
planar near-field probing

According to [114] error compensation techniques can be classified into hardware, software
and procedural methods. In the near-field probing used in this thesis, the cable flexing
induced phase error correction system developed in the Radio Laboratory is essentially a
hardware-based method although the measured phase error is computationally corrected in the
data. The error measurement is carried out at the same time as the actual measurements.
Software compensation is based on previously measured repeatable errors that are
computationally corrected in the measurement data and procedural compensation is based on
averaging or on measuring additional data for error compensation. The scanner planarity
correction based on the laser tracker measurements is an example of a software compensation
method, and procedural compensation methods include averaging of the data to reduce
random errors and tie-scans for drift compensation.

In this Section, the procedural error compensation methods for reducing random probe
positioning errors and for drift compensation in two-dimensional scans are discussed. The
cable flexing induced phase error correction system was discussed in Section 7.3.7.2 and the
scanner planarity in Section 7.3.6.

7.4.1 Averaging of measurements for reducing random probe position
errors

The probe xy-position is affected by two factors: the xy-position lock window of 100 pum and
by the errors in the probe movement over the scanner surface, which causes an approximately
random and a systematic error into the probe position, respectively. Random errors can be
reduced by averaging several measurements, or scans, so that the final measurement result is
the average of all scans. The probe x- and y-position can be written as the sum of the nominal
probe position (x,,»,), the systematic (Ax ) and random position errors

( Axmndom s Ayrandom )

systematic ° Ay systematic

X(l) = xO + Axsystemutic + Axmna’nm (Z) b (722)
y(l) = yO + Aysystematic + Ayranalom (l) > (723)

where index i refers to the measurement in the question. The effective probe position is
obtained by averaging the x- and y-position in the individual scans

1 n 1 n ( ] ) 1 n )
xé.’/.‘?’ective - ; Zl'xi = ; 2 xO + Ax.s‘yStematic + Axrandom (l) :xO + Axsystematic + ; zAxrandom (l) H (724)
i=1 i=1 i=1

n

1 ,
ye,_?’ective = yO + Aysystematic + ; szrandom (l) ’ (725)

i=1
where 7 is the number of scans. It can be assumed that the nominal probe position and the

systematic error are the same in all of the scans and that when n - « , the mean of the
random error approaches zero. The random error in the scans forms a sample of the random
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error caused by the scanner lock-window. The standard deviation of the sample mean is
referred as the standard error of the mean [121], i.e., the standard deviation of the mean of the
random error component in the probe positions in the scans to be averaged corresponds to the
standard error in the estimation of the mean of the random component of the probe position
error. The mean of the random component is assumed zero. The standard error of the sample
mean o is given by [121]

(7.26)

O':ﬁ,

where ¢’ is standard deviation of the random probe position due to the scanner lock-window
and 7 is the number of scans. Assuming the scanner lock-window w to correspond to 3 ¢, the
uncertainty in the probe position corresponding to 3 ¢ caused by the random probe position
errors can be written as

1

30 w

ux,mndom = uy,mndom = = .
\Nn NN

Standard distribution of the probe position error is assumed. Using (7.27) with w=100 um and
n=10, the uncertainty in the probe position due to the random probe position errors is 32 pm,
i.e. this uncertainty component is reduced by a factor of 3.16 by averaging of 10 consecutive
scans. The averaging of the scans reduces also other random errors, such as the noise in the
system, but this is a less significant benefit as typically the signal-to-noise —ratio is rather
higher even without the averaging.

(7.27)

The systematic error in the probe position is caused by non-ideal movement of the probe in
the scanner, which was discussed in Section 7.2.3. The periodic probe y-coordinate error in a
typical x-direction scan is shown in Figure 7.5 a) and the resulting uncertainty due to the
systematic y-position error in an x-direction scan is about £30 pm in the £200 mm central
scan area. In the x-position error, there is only a random error as only the starting point of the
scan varies within the lock-window and the error in the sample spacing is negligible as shown
in Figure 7.4 b) for the y-direction scans but the result is also valid for the x-direction scans.
Similarly, a y-direction scan has the same random error causing the y-coordinate uncertainty
and a systematic x-position error due to the wobbling of the scanner vertical rail as shown in
Figures 7.4 and 7.5. There is a slope of about 200 pum in the x-coordinate in the £200 mm
central scan area and as the direction of the slope is not known in an individual vertical scan;
the direction can be assumed random with the resulting x-coordinate uncertainty of
approximately £100 um. A two-dimensional scan consists of consecutive y-direction scans
with step-by-step increasing x-coordinate. The y-coordinate of each sampling point has a
random y-coordinate error with the uncertainty of +£100 um due to the scanner lock-window
and a systematic x-coordinate error as in a y-direction scan with the resulting x-position
uncertainty of £100 um in the central scan area.
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7.4.2 Drift compensation

As can be seen in Figure 7.16, the phase drift in the measurement system may have a very
significant effect on the measurement results in time-consuming two-dimensional scans. The
drift can be compensated by measuring the drift using for example so-called tie-scans or by
measuring a reference point two or several times at different times during the measurement
and comparing the results for determining the amount of drift in the system. An example of
this approach is described in [122].

In the two-dimensional scans of the DRFS beam and quiet-zones of the test holograms at 310
GHz, the tie-scan approach is used to compensate the effect of the drift in the system. The
two-dimensional scans consist of consecutive vertical scans and the horizontal cut of the
scanned field is compared to a separately measured horizontal scan with same sampling
points. In principle, the difference between the measured values in these two measurements is
caused by the drift as the measurement set-up and the AUT operates otherwise exactly the
same way in both measurements. For each vertical scan in the two-dimensional scan, a
correction term is determined from the measured error compared to the separately measured
horizontal scan and this term is added to measured values at each vertical scan. The accuracy
of this drift correction depends on the measurement uncertainty in the two-dimensional scan
and in the reference horizontal scan as the measured values are compared to each other in
order to determine the correction terms — therefore, any other error in either of these
measurements affects the error correction accuracy. Typically, about 5-10 horizontal scans are
averaged for the reference scan.

7.5 Combined measurement uncertainty

In this Section, the contributions of the different measurement error sources to the
measurement uncertainty are first summarised and then the error budgets are computed for the
measured co-polarised relative amplitude and phase, and for the cross-polarisation level of -20
dB and -30 dB at 310 GHz for the planar near-field measurements of a spherical and a plane
wave. The relative amplitude and phase means that each individual measurement result is
normalised to 0 dB or 0° at the centre or other reference point, and all of the measured values
are compared this reference. The measurement uncertainty is estimated for the corners or
edges of the 200 mm % 200 mm scan area in horizontal, vertical and two-dimensional scans.
These scans cover the area, inside which the field under measurement has nearly constant
amplitude. This is also the most significant area in the DRFS beam and it contains the quiet-
zones of the test holograms. The individual uncertainties are combined as square root of the
sum of the squares (RSS) of the 3o values for the random errors and the worst case estimates
of the systematic errors.

7.5.1 Probe related measurement errors

The probe most significant probe related error sources are the relative probe pattern, the probe
polarisation ratio, the probe orientation and an error in the polarisation twist affecting the
probe polarisation. The uncertainty in the probe pattern is assumed negligible, as it could not
be verified reliably. The polarisation ratio of the probe causes an uncertainty of 0.01 dB in the
co-polarised amplitude measurements and 0.96 dB in the measured cross-polarisation level in
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the horizontal and vertical scans at the -30 dB level, and 0.31 dB at the -20 dB level. These
values are propably quite conservative as the probe cross-polarisation in the horizontal and
vertical directions is actually lower than the assumed diagonal direction cross-polarisation
level in these directions. The cross-polarisation level uncertainties in the two-dimensional
scan are 1.83 dB and 0.61 dB, respectively.

The orientation of the probe affects the orientation of the probe polarisation in relation to the
polarisation of the field under measurement. The orientation error is caused by a tilt of the
probe orientation or a tilt in the AUT polarisation in respect to the scanner. An error in the 90°
-polarisation twist causes also coupling of the co-polarised power to the measured cross-
polarised power. The AUT tilt can be assumed to be =1 mm per metre and the wobbling of the
vertical rail of the scanner in the horizontal direction can be up to £0.25 mm per metre, i.c., a
worst case effective probe polarisation tilt of about 0.14° may exist in the set-up. This results
into uncertainty of less than 0.01 dB in all cross-polarisation level measurements. The error in
the 90° polarisation twist may be up to 0.5° based on a rough estimate on the effect of
manufacturing tolerances for the waveguides, flanges and other parts in the receiver, which
results into lower than 0.02 dB uncertainty in the measured cross-polarisation level at levels
higher than -30 dB. At lower cross-polarisation levels this error becomes more significant.

The uncertainty in the co-polarisation amplitude is less than 0.01 dB due to the probe
orientation errors and the uncertainty in the phase measurements due to coupling of the power
from the other polarisation is assumed negligible.

7.5.2 Antenna-under-test related measurement errors

The antenna under test alignment errors are not significant as in the case of the hologram, the
quiet-zone field is optimised onto the scanner plane and the DRFS radiates a nearly spherical
wavefront and it is aligned very precisely. In the measurements of a spherical phase, the error
in the measurement distance is a significant error source. The phase uncertainty due to £1 mm
error in the 1800 mm distance is +4.3° in the corners of the two-dimensional scan and +2.2° at
the ends of the horizontal and vertical scans.

The AUT positioning error does not have a significant contribution to the amplitude
uncertainty and the potentional tilt of the AUT polarisation due to a tilt in the AUT orientation
is considered to contribute to the effective probe orientation. The primary feed is considered
as a part of the DRFS and all feed related errors are part of the DRFS under test. In the case of
hologram quiet-zone measurements, the potential feed horn polarisation tilt combines with the
potential tilt in the hologram orientation increasing the effective probe polarisation tilt.

7.5.3 Near-field scanner related measurement errors

The planar near-field scanner induced measurement errors are caused by errors in the probe
xyz-positioning due to non-ideal scanner operation. The probe position errors are caused by
errors in the probe positioning in the scanner, movement of the probe during the sample
integration, by the planarity errors of the scanner, and by other errors in the scanner
operations such as vibrations. The most significant errors are caused by the probe position
errors, but the errors are reasonably small so that they do not cause significant amplitude
measurements errors.
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7.5.3.1 Scanner planarity

The phase measurement errors due to the probe position errors can be significant especially in
the spherical wave measurements. Both in plane wave and in spherical wave measurements
the planarity error of the scanner causes a probe z-coordinate error, which corresponds to an
error in the electrical path length. The maximum planarity error inside the 200 mm x 200 mm
scan area used is £35 um, which corresponds to phase uncertainty of £13° at 310 GHz. The
measured planarity error can be compensated computationally in the phase measurements
using the laser tracker measurement data on the planarity. The uncertainty in the measurement
of the planarity of the probe motion is +20 um and the corresponding uncertainty in the
correction is £7°.

7.5.3.2 Probe xy-position

The probe xy-position errors are not significant in the plane wave measurements provided that
the sampling spacing is short enough to resolve the ripples. In the case of the spherical wave,
the xy-position is however significant as the phase changes rapidly as the function of the
probe position. In a horizontal scan, the x-coordinate uncertainty is £100 um, causing a phase
uncertainty of +4°, and the y-coordinate uncertainty is +30 um corresponding to +1° in phase.
The y-coordinate uncertainty in a vertical scan is also £100 um with the corresponding
uncertainty of +4° and the x-coordinate uncertainty is £100 pum, which results into +4° in
phase. Averaging can be used to reduce the random positioning error, i.e. the x-coordinate
error in horizontal scans and y-coordinate error in vertical scans. The averaging of 10
consecutive scan reduces the phase uncertainty to +1.3° for these probe position errors along
the scanning direction. The total phase measurement uncertainty due to the probe xy-position
errors is about £6° in a vertical scan and about +4° in a horizontal scan. The averaging of 10
scans reduces these uncertainties to about +4° and £2°, respectively. In a two-dimensional
scan, the uncertainty in both in the x- and y-coordinate of the probe position is £100 um and
the RSS phase uncertainty is then +6°.

7.5.4 Measurement instrumentation related measurement errors

The main error sources in the measurement instrumentation consisting of the vector network
analyser, the sub-mm wavelength extensions used as the transmitter and receiver, and the
associated cables and waveguides, are the noise in the system, cable flexing induced phase
errors, repeatability of the waveguide twist connections and receiver operation, and the drift.

7.5.4.1 Vector network analyser noise

The noise in the vector network analyser affects the co-polarised amplitude, phase and the
measured cross-polarisation level. In co-polarisation measurements, the uncertainty in the
amplitude is 0.1 dB and £1° in the phase. The uncertainty in the cross-polarisation level is
the RSS sum of the co-polarisation amplitude uncertainty and the uncertainty in the cross-
polarised amplitude (+0.4 dB), i.e., approximately +0.4 dB. The noise can be reduced by
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increasing the integration time or by averaging n measurements, when the noise is reduced by
the factor of 7 .

7.5.4.2 Cable flexing

The bending of the LO-cable for the phase-locking circuit in the receiver (ESA-2 extension of
the MVNA) causes changes in the electrical length of the cable and errors in the measured
phase. The measured phase errors cause an uncertainty of +4° in the phase, which can be
reduced to £2° with the cable flexing phase error correction system.

7.5.4.3 Repeatability of the amplitude measurements

When the cross-polarisation level is measured, the measured cross-polarised power is
compared to the measured maximum of the co-polarised power. The polarisation is changed
using a 90° waveguide twist and the receiver is switched off for attaching the twist. The
repeatability in the probe polarisation change was +0.4 dB in co-polarised amplitude and a
similar uncertainty can be assumed to exist in the measured cross-polarised amplitude. The
combined RSS uncertainty in the cross-polarisation level is therefore +0.6 dB.

7.5.4.3 Drift

The drift in horizontal and vertical scans is assumed negligible as these scans are done quite
quickly within 1-2 minutes. Two-dimensional scans take typically over two hours to complete
and the drift becomes significant causing an amplitude uncertainty of +£0.35 dB and a phase
uncertainty of £12°. The drift is corrected by comparing a horizontal cut in the two-
dimensional data to a separate measured horizontal cut. As the reference scan is done
immediately after the two-dimensional scan without changing the measurement set-up or the
conditions, the only error sources contribution to the uncertainty of the drift correction are the
probe xy-position errors and the vector network analyser noise in the measurements. In the
two-dimensional scan, these cause an uncertainty of £8° in phase and +0.1 dB in amplitude.
The corresponding uncertainties in the horizontal reference scan are £4° and £0.1 dB (£2° if
10 scans are averaged) and the combined uncertainty for the drift correction is +9° (+8° if the
reference scans is the average of 10 scans) in phase and +£0.14 dB in amplitude. The
installation of the air-conditioning system has mostly eliminated the drift and the need for
drift correction in two-dimensional scans.

In the two-dimensional cross-polarisation level measurements, the uncertainty caused by the
drift is the same as in the co-polarisation measurements (+0.35 dB) as the cross-polarised
amplitude is compared to the maximum co-polarised amplitude measured immediately before
or after the cross-polarisation measurement.
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7.5.5 Measurement environment related measurement errors

The ambient temperature changes distort the scanner frame causing the planarity of the
scanner to change. These changes were eliminated by the installed air-conditiong before the
measurements of the holograms designed to operate at the horizontal polarisation and the
polarisation grid tests. In the earlier measurements, i.e., in the DRFS testing, the temperature
was manually regulated by adjusting the ventilation to within approximately +0.5°C and the
corresponding phase uncertainty is +2° in all measurement as a £2°C temperature variation
causes about +5° phase uncertainty.

7.5.6 Error budgets

The total measurement uncertainty can be combined using error budgets. The error budget for
co-polarised amplitude measurements is shown in Table 7.2, for the phase without any error
corrections in Table 7.3 and after error corrections in Table 7.4. The error budget for the
measured cross-polarisation level is presented in Table 7.5.

Table 7.2 Amplitude measurement error budget for relative co-polarisation measurements.

Error source Horizontal scan | Vertical scan | Two-dimensional scan

Probe pattern - - -
Probe polarisation ratio 0.01 dB 0.01 dB 0.01 dB

Probe orientation 0.01 dB 0.01 dB 0.01 dB
Polarisation twist 0.01 dB 0.01 dB 0.01 dB
AUT positioning - - -
Scanner planarity - - -

Probe x-position - - -
Probe y-position - - -

MVNA noise 0.1 dB 0.1 dB 0.1 dB
Cable flexing - - -
Repeatability - - -

Drift - - 0.35dB/0.14 dB*

Ambient temperature - - -

RSS 0.1dB 0.1dB 0.4dB/ 0.2 dB*
* with drift correction

The combined amplitude measurement uncertainty obtained as the root sum of the squares
(RSS) of the individual uncertainties is £0.1 dB in the horizontal and vertical scans. In two-
dimensional scans, the RSS uncertainty is 0.4 dB without drift compensation and +0.2 dB
with the drift compensation in the 200 mm x 200 mm area corresponding to the quiet-zones of
the test holograms and to the region with nearly constant amplitude in the hologram
illumination with the DRFS. The uncertainties apply to the relative amplitude measurements,
i.e., in each measurement the amplitude at the centre of the scan is normalised to 0 dB and the
uncertainty is then the uncertainty of the measured amplitude at the edges of the scan area in
relation to the amplitude in the centre. In the relative amplitude measurements, the dominating
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error is the noise in the vector network analyser in the horizontal and vertical scans. Prior to
the installation of the air conditioning, the largest error source in two-dimensional scans was
the drift. In the measurements done with the air-conditioning, the uncertainty should be only
about 0.1 dB as in one-dimensional scans.

Table 7.3 Relative phase measurement error budget for measurements without error
corrections.

Horizontal scan | Vertical scan Two-dimensional scan
Plane wave X X X
Spherical wave X X X

Error source

Probe pattern - - - - - -
Probe polarisation ratio - - - - - -
Probe orientation - . - - - -
Polarisation twist - - - -
AUT positioning - 2.2° - 2.2° - 4.3°

Scanner planarity 13° 13° 13° 13° 13° 13°
Probe x-position - 4° - 4° - 4°
Probe y-position . 1° - 4° - 4°
MVNA noise 1° 1° 1° 1° 1° 1°
Cable flexing 4° 4° 4° 4° 40 40
Repeatability - - - - - -
Drift - - - - 12° 12°
Ambient temperature 5° 5° 5° 5° 5° 5°
RSS 14° 15° 14° 15° 18° 20°

The RSS relative phase measurement uncertainty is +14°~15° in the one-dimensional scans
and +18°-20° in the two-dimensional scans. The most significant error sources are the
scanner planarity, the ambient temperature changes and the drift (in the two-dimensional
scans). As the drift also depends on the temperature stability, the air-conditioning system was
procured to eliminate the temperature fluctuations. Tracking laser interferometer
measurements were organised to investigate and correct the probe xyz-position errors.
Previously developed cable flexing error correction system was utilised in antenna testing for
the first time in the measurements described in this thesis. Unfortunately, the first version of
the system developed in the Radio Laboratory prior the use in these measurement was
responsible for most of the drift in the system before installation of the air-condition. The
cable flexing correction system is currently being upgraded to be temperature stabilised for
use in non-air-conditioned rooms also.
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Table 7.4 Relative phase measurement error budget for measurements using error
corrections techniques.

Horizontal scan | Vertical scan Two-dimensional scan
Plane wave X X X
Spherical wave X X X

Error source

Probe pattern - - - - - -
Probe polarisation ratio - - - - - -
Probe orientation - - - - - -
Polarisation twist - - - -
AUT positioning - 2.2° - 2.2° - 4.3°

Scanner planarity 7° 7° 7° 7° 7° 7°
Probe x-position - 1.3° - 4° - 4°
Probe y-position - 1° - 1.3° - 4°
MVNA noise"” 03° | 03° | 03° | 03° 1° 1°

Cable flexing 2° 2° 2° 2° 2° 2°
Repeatability - - - - - -

Drift - - - - 9° 9°
Ambient temperature” 2° 2° 2° 2° 2° 2°
RSS 8° 8° 8° 9° 12° 14°

(D Average of 10 consecutive one-dimensional scans
@Stabilised by controlling the ventilation of the room

The combined total phase measurement uncertainty is £8° in one-dimensional scans of a
plane wave and +8-9° in the one-dimensional scans of a spherical wave. In the two-
dimensional scans, the uncertainties are +12° in the plane wave measurement and £14° in the
spherical wave measurements. The largest contributions to the combined measurement
uncertainty are caused by the planarity of the scanner, the probe xy-position and by the AUT
position in the spherical wave measurements and by the drift in the two-dimensional scans.
The scanner is currently being replaced with a more precise near-field scanner.
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Table 7.5 Relative cross-polarisation level measurement error budget for the measurements
of a spherical wave.

Horizontal scan Vertical scan Two-dimensional
scan

Cross-polarisation -30dB | -20dB | -30dB -20 dB -30dB -20dB
level
Error source
Probe pattern - - - - - -
Probe polarisation 1dB® [03dB® | 1dB® [03dB® | 1.8dB 0.6 dB
ratio”
Probe orientation 0.01dB | 0.01dB | 0.01dB | 0.01dB | 0.01dB | 0.01dB
Polarisation twist 0.02dB | 0.02dB | 0.02dB | 0.02dB | 0.02dB | 0.02dB
AUT positioning - - - - - -
Scanner planarity - - - - - -
Probe x-position - - - - - -
Probe y-position - - - - - -
MVNA noise 0.4 dB 0.4 dB 0.4 dB 0.4 dB 0.4 dB 0.4 dB
Cable flexing - - - - - -
Repeatability 0.6 dB 0.6 dB 0.6 dB 0.6 dB 0.6 dB 0.6 dB
Drift - - - - 0.35dB 0.35dB
Ambient temperature - - - - - -
RSS 1.2 dB 0.8 dB 1.2 dB 0.8 dB 2.0dB 1.0 dB

(DAt the edges of the 200 mm x 200 mm scan area, much lower at small incidence angles.
@ Assuming the maximum probe cross-polarisation in all directions of arrival.

The combined uncertainty in the cross-polarisation level measurements is +0.8 dB-2.0 dB and
it can be concluded that the uncertainty of the maximum cross-polarisation level in the quiet-
zones of the test holograms have the uncertainty of £1 dB (+0.8 dB in the one-dimensional
scans). The combined uncertainty is mostly affected by the polarisation ratio of the probe and
by the repeatability of the power level in the receiver when the polarisation is changed. The
MVNA noise is also an important error source.
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8 Sub-mm antenna testing in a CATR based on a hologram

The hologram based compact antenna test range has been used to test a 1.5 m reflector
antenna at 322 GHz. For this purpose, manufacturing techniques were developed for large
sub-mm wavelength holograms [O32]. The design of the CATR and the associated
instruments together with the planning of the measurements were done in the hologram
research group in the Radio Laboratory as a team effort. Similarly, the construction of the
CATR, the measurements and the disassembly of the CATR after the antenna tests were done
as a collective effort in the group, which the author participated.

In this Chapter, the structure and the construction of the hologram based CATR are briefly
discussed. More details can be found in [04,020]. The CATR operation was verified and
optimised using a simple plane polar near-field scanner to measure the quiet-zone field at 322
GHz. The quiet-zone test results are described in this Chapter together with the antenna test
results. The effect of the quiet-zone non-idealities on the measured antenna pattern is
discussed. The antenna test results and their analysis has been published in [O3].

8.1 The hologram based CATR for 322 GHz

The 3-m hologram based compact antenna test range was specially constructed for the
antenna tests in question. The assembly of the CATR , the verification of the quiet-zone field ,
the antenna tests and the disassembly of the range after the tests were all carried out in about
two months during summer 2003.

8.1.1 Assembly of the CATR

The instrumentation for the CATR, the quiet-zone field measurement system, the plane polar
near-field scanner for the quiet-zone tests, and the antenna positioner and the associated
software were developed in the Radio Laboratory. The hologram design was carried out by
Tomi Koskinen as described in Chapter 3 for operation at the vertical linear polarisation.

8.1.1.1 Antenna positioner

The mechanical engineering for the CATR instrumentation was done at the Laboratory of
Machine Design of the Helsinki University of the Technology (TKK). A Bofors 40-mm anti-
aircraft gun originally from the Second World War was modified into a high precision
antenna positioner. Only the base and the azimuth gear were conserved and a cradle-type
elevation stage was constructed from steel profile. The antenna positioner has the angular
range of 360° in the azimuth direction and -12°...+90° in the elevation, but in practice about
+12° was feasible in elevation scans during the antenna tests. Twenty six-bit absolute angle
encoders, which have the precision of 0.0001°, were installed directly on the axes. Using
these encoders the measured repeatability of the azimuth rotation was 0.004°.
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8.1.1.2 Quiet-zone field scanner

For quiet-zone field measurements, a plane polar near-field scanner was constructed from a 2-
m long linear translation stage that can be rotated to four positions for measuring the
horizontal, vertical and both horizontal cuts of the quiet-zone field. The plane polar scanner is
mounted on the antenna positioner so that the quiet-zone is measured at the location of the
AUT aperture. A photograph of the plane polar scanner mounted on the antenna positioner is
shown in Figure 8.1. The photograph was taken during the construction before all the

absorber were attached on the antenna positioner.
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Figure 8.1 Photograph of the plane polar scanner mounted on the antenna positioner.

The scanner and the antenna positioner were covered with millimetre wavelength absorber
material during the measurements. Prior to the quiet-zone field testing, the planarity of the
scanner at the different positions was measured using the same laser tracker that was used to
measure the planarity of the near-field scanner as described in Chapter 7. The measured
planarity at the horizontal and vertical positions of the plane polar scanner are presented in

Figure 8.2.
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Figure 8.2 Measured planarity of the plane polar scanner [123]:
a) in a horizontal scanner position,
b) in a vertical scanner position.

The planarity of the scanner was measured four times for each scanner orientation and the
results were averaged to form a correction table for the measured phase. The maximum phase
errors at the frequency of 322 GHz resulting from the non-planarity of the probe movement in
the four scanning directions were: 40° peak-to-peak in the horizontal orientation, 15° in the
vertical orientation, and 20° and 90° peak-to-peak in the diagonal quiet-zone cuts [123].
These errors were computationally removed from the phase measurement results.

8.1.1.3 Sub-mm wavelength instrumentation

The measurement instrumentation was based on the MVNA-8-350 millimetre wave vector
analyser with a high power transmitter (2.6—5.4 dBm) supplied with the antenna under test for
use in these tests by EADS Astrium[124]. The receiver in the quiet-zone test was the ESA-2
extension of the MVNA and in the antenna tests the receiver supplied with the antenna was
used. In the quiet-zone field measurements, both the transmitter and the receiver were phase-
locked onto a common reference, which allowed coherent measurements. A spectrum
analyser was used as power meter for the received power in the antenna measurements. The
cable flexing error correction systems described in Chapter 7 was also used in the quiet-zone
field measurements. The measurement system was controlled by a computer using an in-
house developed LabVIEW-based software.

8.1.1.4 The 322 GHz hologram

The compact antenna test range was based on a 3-m diameter hologram operating at the linear
vertical polarisation. This hologram was constructed from three 1 m x 3 m pieces, which were
aligned using overlapping alignment markers and a microscope. The overlap was cut away
using a surgical blade attached to a linear rail and the pieces were then joined together by
soldering the copper stripes in the hologram pattern together. The joining was done on a
specially constructed vacuum table that uses sucktion to hold the mylar-films in place during
the soldering. In total about 3840 metal strips were soldered manually together in the two
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horizontal seams in the 3-m hologram. The hologram was attached to a frame and the frame
was lifted up. The hologram was tensioned in the frame to ensure the planarity of the
hologram surface. [O4]

8.1.1.4 Layout of the compact antenna test range

The CATR based on the 3-m hologram was constructed in the 31 m x 19 m x 16 m High
Voltage research hall at TKK in Espoo, Finland. In Figure 8.3, the layout of the CATR is
presented and in Figure 8.4 a photograph of the range is shown. Absorber walls were
constructed using scaffolding and plywood boards. These walls were used to block the direct
feed radiation into the quiet-zone and to reduce reflections inside the metal-walled hall. The
high-quality millimetre wavelength absorbers were used only around the most critical areas,
i.e., around the hologram, the feed and the antenna under test. At the less critical areas, less
expensive microwave absorbers and other materials were used.
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Figure 8.3 Layout of the CATR based on a hologram.
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Figure 8.4 Photograph of the CATR based on a hologram for 322 GHz [O3].

8.1.2 Verification of the CATR quiet-zone field

The quiet-zone field amplitude and phase were probed with a corrugated horn using the plane
polar scanner. The feed horn position and alignment were optimised to produce the best
possible quiet-zone field quality in the horizontal and vertical cuts. The dynamic range in the
quiet-zone measurements was about 52 dB. The quiet-zone field measurement results inside
the 1.5 m aperture of the antenna under test are shown in Figure 8.5.
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Figure 8.5 Measured quiet-zone field at the vertical polarisation at 322 GHz [O3]:
a) amplitude,
b) normalised phase.

The measured quiet-zone amplitude shows an approximately 1 dB dip in the middle and the

phasefront was saddle-shape as the phasefront is concave in the vertical cut and convex in the
horizontal cut. The maximum measured deviations are 2.6 dB in amplitude and 250° in phase
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peak-to-peak with typical peak-to-peak ripple of 1 dB and 10°, respectively. In the diagonal
quiet-zone cuts the phase deviations were about 45° peak-to-peak.

The causes of the distortions to the plane in the quiet-zone were investigated in the Radio
Laboratory after the antenna test campaign [O4]. The dip in the amplitude is probably caused
by inaccurate modelling of the hologram structure in the FDTD simulations; the cell size was
too large in the simulations and using smaller cell size the simulations show the 1 dB dip in
the amplitude. Therefore, in the future a smaller cell size will be used in the hologram
simulations despite the increased computation time on a super-computer.

The dimensions of the hologram were checked before the disassembly of the CATR and it
was discovered that while the width of the hologram was 3000 + 1 mm, the height of the
hologram was only about 2990 mm. This elliptical shape of the hologram pattern is mostly
responsible for the saddle-shape phasefront in the quiet-zone as the hologram has a different
focal length in the horizontal and vertical directions. The pattern deformations are most likely
caused by an error in the etching of the hologram pieces which was discovered after the
antenna tests: the three pieces have different widths but the correct length of 3000 mm. This
made the alignment of the final hologram piece difficult after the first two had been soldered
together; there was a misalignment of approximately 0.6—1.0 mm along the seams near the
edges of the upper seam. This misalignment contributes to the overall quiet-zone field phase
distortions.

8.2 Antenna measurements

After the verification and optimisation of the quiet-zone field, the plane polar scanner was
removed and the antenna under test was mounted on the positioner. The radiation pattern of
the AUT was measured relative to the main beam peak at the linear vertical polarisation at the
frequency of 322 GHz.

8.2.1 Antenna under test

The antenna under test was the ADMIRALS RTO (Representative Test Object) constructed
by EADS Astrium for comparison of the measurement facilities [50]. The RTO has a 1.5 m
diameter single offset paraboloid reflector with focal length of 3 metres. The feed offset angle
is 19.6° and the feed is located at the end of a 3-m beam. The surface roughness of the
reflector surface was measured at EADS Astrium to be 0.35 um peak-to-peak and the RMS
surface contour accuracy was 30 um. A photograph of the RTO mounted on the antenna
positioner is shown in Figure 8.6.
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Figure 8.6 The antenna under test (ADMIRALS RTO).

8.2.2 Measured radiation pattern

The radiation pattern of the ADMIRALS RTO was measured in E-plane (vertical) and in the
H-plane (horizontal) cuts, and also a two-dimensional contour map was measured. The
angular range was +12° in the E-plane and #85° in the H-plane. In Figure 8.7, the H-plane
antenna pattern cut is shown and in Figure 8.8, the E-plane pattern cut is presented together
with the contour map of the antenna pattern around the main beam region. The measured
power is normalised to 0 dB at the main beam peak and the dynamic range in the
measurements was approximately 85 dB.
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Figure 8.7 Measured H-plane radiation pattern cut at 322 GHz.
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Figure 8.8 Measured E-plane radiation pattern cut at 322 GHz.
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Figure 8.9 Measured contour map of the radiation pattern at 322 GHz with 3 dB contour
intervals.

The measured H-plane antenna pattern cut shows unusual sidelobes around the direction of
-8.5% and +12°. The causes for these lobes are discussed later. Inside the rapid variation of the
peaks and nulls in the E-plane pattern cut in Figure 8.8 there can be seen lobes around
direction of £3° in the vertical plane. It should be noted that the horizontal seams in the
hologram are seen approximately at the angles of +3.2° in the E-plane by the AUT, so these
lobes might be caused by the quiet-zone field distortions by the seams in the hologram.

The cross-polarisation pattern of the RTO was measured by switching the polarisation in the

receiver to horizontal and the measured power at this cross-polarisation compared to the co-
polarised main beam peak is shown in Figure 8.10.
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Figure 8.10 Measured cross-polarisation pattern at 322 GHz:
a) E-plane cut,
b) H-plane cut.

The typical cross-polarisation level of the holograms is of the order of -20 dB, so the
measured cross-polarisation level is greatly affected by the cross-polarisation in the quiet-
zone field and the measured cross-polarisation level in Figure 8.10 cannot be considered
exact.

8.2.2 Comparison of the measured pattern to the simulations

The radiation of the RTO was simulated with GRASP8W using physical optics (PO) and
physical theory of diffraction (PTD). The reflector surface distortions from the ideal
paraboloid were included into the in the simulations based on measurements of the reflector
surface before the antenna was assembled and based on the estimated bending of the reflector
when it is mounted on the antenna. These measurements and the estimation on the reflector
bending were carried out at EADS Astrium. The reflector was illuminated with a Gaussian
beam with -10.5 dB taper at the angle of 13.5°, which corresponds approximately to the
reflector rim. The simulated and measured antenna pattern cuts are shown in Figure 8.11.
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Figure 8.11 Measured and simulated radiation patterns at 322 GHz:
a) H-plane cut,
b) E-plane cut.

The measured -3 dB beam widths are 0.086° in the E-plane and 0.050° in the H-plane. The
corresponding simulated beam width are somewhat smaller; 0.053° and 0.045°, respectively.
In addition, the measured sidelobe level is higher than the simulated sidelobe level. The
reasons for these discrepancies are discussed next.

8.2.3 Analysis of the antenna test results

The measured antenna pattern is affected by measurement errors, most importantly by the
quiet-zone field. As a reflector antenna, the RTO can be considered as a radiating aperture

with the effective aperture field Eg{fécn‘ve (x, y) [125]

Eejffective (x; y) = Eaperture (x, y) ° Equiet—zone (x, J/) B (8 1)

where Eapmm (x, y) is the aperture field of the AUT, Equ,-et_m (x, y) is the field incident on the

aperture, and x,y are the coordinates in the aperture. The radiation of the aperture can be
computed from the aperture field as described in Section 2.2.

8.2.3.1 Effect of the non-ideal quiet-zone field

The field distortions from the plane wave in the quiet-zone can be divided into two categories:
into systematic deviations, and into ripple. The systematic deviations include amplitude taper
or the dip in this case, and the phasefront curvature. The ripple is caused by stray signals, i.e.,
by unwanted waves that sum to the plane wave. The stray signals are usually mostly caused
by scattering in the measurement environment or by edge diffraction, but also errors in the
operation of the collimating element may cause them. When the main beam of the antenna
points in the direction of the stray signal, for example towards a scatterer in the measurement
environment, the stray signal is received by the main beam. This causes a significant error to
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the sidelobe under measurement, i.e., so-called grating lobe, as the side-lobe level is much
lower than that of the main beam. Several methods have been developed to reduce the error in
the sidelobe measurements due to the stray signals, for example [O12, 126].

The reflectivity level in an anechoic chamber can be evaluated using the antenna pattern
comparison (APC) technique [127]. In APC, the radiation pattern of the AUT is measured at
several locations inside the quiet-zone of the CATR and the variation in the measured pattern
corresponds to the reflectivity level. This variation in the measured antenna pattern is caused
by the variation in the field incident on the antenna because the antenna is moved to different
location inside the quiet-zone and the stray signals sum at different phase to the plane wave at
the different location. The measured variation in the radiation pattern gives also an estimated
on the measurement uncertainty. Using superposition of the measurements, the error caused
by the stray signals can be eliminated [126].

In a CATR based on a hologram, the direction of the plane wave progating into the quiet-zone
can be changed by changing the feed position. This feed scanning technique can also be used
for APC-measurements as the phase difference between the plane wave and stray signals
incident on the AUT is changed [O12]. Unfortunately, the use of this technique for antenna
pattern correction was discovered only after the RTO test campaign and the method could not
be used for antenna pattern correction in the RTO measurements. Conventional APC-
measurements were not possible as the AUT could not be moved inside the quiet-zone. The
feed scanning APC was used to investigate potential grating lobes around -8.5° in the
measured RTO antenna pattern. The direction of the plane wave was steered by 0.22° and the
resulting change in the measured radiation pattern around the potential grating lobe around -
8.5° direction in the H-plane cut is shown in Figure 8.12.
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Figure 8.12 Closeup of a measured sidelobe before and after steering the plane wave
direction by 0.22° [O3].

As can be seen in Figure 8.12, the position of the sibelobes changes in the relation to the main
beam peak direction by the amount of the plane wave steering, which indicate that the
sidelobes originate from a fixed point in the CATR, not from the antenna itself. Therefore, it
can be concluded that these lobes are grating lobes. The direction of -8.5° is inside the
hologram in the CATR, so the stray signals causing these grating lobes may originate from
the feed side of the hologram and the main beam sees them through the hologram, or the main
beam sees a reflection of a stray signal from the hologram. Another sibelobe that is much
higher than the general level of the sidelobes can be seen around +12° in the H-plane. As this
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lobe is not affected by the plane wave steering, it can be concluded to be a real sidelobe of the
antenna or an erroneous lobe caused by scattering from the antenna positioner structures.

Several scatterer identification methods have been developed for compact antenna test ranges.
The quiet-zone field can be described as a sum of plane waves, i.e., with a plane wave
spectrum (PWS). This angular spectrum of the field can used to determine the directions of
arrival for the stray signals and to estimate the locations of the scatterers in the CATR using
for example Fourier-transformation to obtain the angular spectrum, multiple signal
classification (MUSIC) -methods [128] or superresolution techniques. The scatterer
identication methods were studied together with the effect of the possible quiet-zone
distortions on the radiation pattern of an antenna in a Master’s thesis instructed by the author
[129].

For investigation of the scatterer identification methods at sub-mm wavelengths and for trying
to locate potential scatterers in the CATR during the construction of the range, the horizontal
cut of the quiet-zone was probed with 0.45 mm (0.48 A at 322 GHz) sample spacing using an
open-ended waveguide probe. The plane wave spectrum computed using Fourier-
transformation [O3, 129] is presented in Figure 8.13.
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Figure 8.13 Angular spectrum of the horizontal quiet-zone field cut.

Unfortunately, the resolution and sensitivity of the angular spectrum did not allow
identification of the scatters in the CATR but a weak stray signal can be seen around angle of
arvival of +8-9°. This corresponds to the grating lobes around the -8.5° direction in the
measured H-plane antenna pattern cut. During the antenna testing, additional absorbers were
added on the walls of the measurement hall to reduce the reflections and erroneous sidelobes
at large angles in the H-plane pattern cut.

Systematic distortions in the quiet-zone field affect also the main beam shape in the measured
radiation pattern. Equation (8.1) can be used the evaluate the effect of the quiet-zone field on
the effective aperture field and on the antenna pattern of the RTO. Unfortunately, the full two-
dimensional quiet-zone field is not known as it could not measured — and the capability to
measure it accurately using a near-field scanner would make the developed of a sub-mm
wavelength CATR somewhat redundant. The two-dimensional quiet-zone field incident on
the AUT aperture was estimated by interpolation from the measured four field cuts. The
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interpolated quiet-zone field is presented in Figure 8.14 with circles marking the measured
data.
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Figure 8.14 Estimated two-dimensional quiet-zone field [129]:
a) amplitude,
b) phase.

The relatively few measured samples of the quiet-zone field do not allow very accurate
predictions of the effect on the quiet-zone field on the antenna pattern over a wide angular
range, but an estimate can be done around the main beam direction. In general, a phasefront
curvature in the effective aperture field causes shoulders to the main beam, widens it and also
increases the sidelobe level [44]. A dip in the amplitude acts opposite to amplitude taper
increasing the sidelobe level. As can be seen in Figure 8.11, the measured main has a shoulder
and the sidelobe level is higher than in the simulations. The potential errors in the antenna
structure affect also the effective aperture field and the distortions in the antenna pattern are
not caused only by the quiet-zone distortions.

The H- and E-plane cuts of the RTO simulated using GRASP8W with PO+PTD-analysis
compared to the measured antenna pattern cuts and to the radiation of the distorted effective
aperture field computed with (8.1) are shown in Figure 8.15. In Figure 8.16, the contour maps
of the simulated RTO radiation pattern and the radiation pattern of the estimated effective
aperture field are shown. The radiation pattern of the effective aperture field was computed
using a program written by Ville Viikari for his Master’s thesis [129].
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Figure 8.15 Comparison of the measured, simulated and estimated radiation pattern of the
RTO including the effect of the quiet-zone field on the simulated aperture field of the antenna:
a) H-plane cut,
b) E-plane cut.
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Figure 8.16 Contour maps of the antenna pattern:
a) simulated radiation pattern,
b) simulated radiation pattern including the estimated effect of the quiet-zone field.

The non-ideal quiet-zone field distorts the radiation pattern as can be seen in Figures 8.15 and
8.16. The effect is less significant in the pattern cuts shown in Figure 8.15, but especially in
the E-plane cut the sidelobes match the measurement results better when the effect of the
quiet-zone field is taken into account in the simulations. The effect of the quiet-zone field is
quite dramatic in the contour maps shown in Figure 8.16: the shape elliptical contours is
distorted and more importantly, the orientation of the elliptical contours is tilted to match
approximately the orientation of the measured contours in Figure 8.9. The phase error in the
quiet-zone field has a more significant effect on the measured radiation pattern than the
amplitude error [129]. This means that the RTO radiation resembles the radiation of a
contoured beam antenna, and the contour maps have to be measured to determine shapes of
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the contours for complete understanding of the radiation pattern of the antenna. If only pattern
cuts are measured, the overall shape of the antenna beam is not completely known as can be
seen from the apparently moderate effect of the quiet-zone field on the antenna pattern cuts —
the cuts may not so significant distortions but the overall pattern may still suffer from them.
As the quiet-zone field distortions do not cause all the discrepancies between the simulations
and measurements, it can be concluded that the ADMIRALS RTO structure deviates from the
simulation model. The potential differencies in the structure are considered next.

8.2.3.2 Effect of the errors in the antenna structure

In addition to the quiet-zone field, the antenna itself affects the measured radiation pattern as
the actual antenna is never entirely ideal and the antenna structure may deviate from the
simulated structure due to manufacturing tolerances and errors. The objective of the antenna
testing is to determine quantitatively the difference between the actual antenna radiation
pattern and the designed antenna pattern — and the reasons for the discrepancies so that the
antenna may be corrected if needed.

The radiation pattern of the RTO may deviated from the designed because of four reasons:
there can be an error in the reflector surface, the reflector and/or feed position and alignment
may be incorrect, the feed radiation illuminating the reflector may deviate from Gaussian, and
because of scattering from the support structures. The support structures were covered with
absorbers during the measurements and no difference could be observed in the results when
the absorbers were removed. Therefore, it can be concluded that scattering from the support
structures in the RTO does not contribute to the radiation pattern of the antenna. The receiver
of the antenna has a quasi-optical network [124] and the possible phase errors in the beam are
not known as no phase measurement data is available.

The reflector surface was measured at EADS Astrium with 396 points before the RTO was
assembled. The measured distortions from the paraboloid are shown in Figure 8.17 a) and the
simulated H-plane cut of the radiation pattern of the RTO reflector is compared to the
simulated radiation pattern of the ideal paraboloid at 322 GHz in Figure 8.17 b).
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Figure 8.17 Distortions from the paraboloid:
a) measured distortions in the reflector surface,
b) effect of the surface distortion on the simulated antenna pattern in a H-plane cut.
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The maximum deviation from the ideal paraboloid surface are approximately 0.3 mm peak-to-
peak, which is quite large compared to the wavelength of 0.93 mm. This surface error causes
quite large phase error to the aperture field as can been seen in the simulated pattern cut
compared to the radiation of the ideal paraboloid shown in Figure 8.17 b). As the radiation
pattern of the distorted reflector surface differs greatly from the radiation of an ideal
paraboloid even a reasonably slight deviation of the actual reflector surface from the
measured shape may cause large discrepancies between the measurements and simulations.

The effect of feed dislocation and misalignment was also considered. As the f/D of the RTO
is rather large with focal length /=3 m and antenna diameter D=1.5 m, the feed misalignment
should also be rather large and visible when it causes significant beam distortions. The feed
dislocation causes phase errors to the aperture field causing distortions to the antenna pattern.
In order to study the potential feed offset, the feed (x,y,z)-coordinate was varied and the
aperture field of the RTO was simulated. The z-axis was towards the reflector and x-axis was
the horizontal axis. The effect of the quiet-zone field was taken into the account in the
computation of the radiation pattern cuts that were compared to the measured cuts. The best
fit to the measured H-plane cut in the main region was found at (+4, 0, -6) in millimetres and
to the measured E-plane cut at (+1.5, +0.5, -4). The simulated pattern cuts including the effect

of the quiet-zone field compared to the measured antenna pattern cuts are presented in Figure
8.18.
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Figure 8.18 Simulated radiation pattern including the effect of the quiet-zone compared to the
measured antenna pattern:

a) H-plane cut

b) E-plane cut.

These feed offsets giving the best match to the main beam shape are too large to be real as this
large offset should be clearly visible in the antenna structure. In addition, the best fit to the
antenna pattern cuts is achieved at different locations, which indicates that the error is not the
feed offset, but an aperture phase error caused either by the RTO feed phase error and/or by
the reflector surface errors. The potential feed offset also contributes to this phase error. It has
come to the author’s attention that the RTO reflector surface has been measured again at
EADS Astrium and there is a significant difference between the new more precise surface
measurement and the original one done before the assembly of the antenna.
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8.2.4 Results of the ADMIRALS RTO testing at 322 GHz

The radiation pattern of the ADMIRALS RTO was measured at the vertical polarisation at the
frequency of 322 GHz in a compact antenna test range based on a hologram. The measured -3
dB beam width is 0.086° in the E-plane and 0.050° in the H-plane, which are somewhat larger
than the simulated beam widths of 0.053° and 0.045°, respectively. The corresponce of the
measurements and simulations is quite good and very good considering the challenges in sub-
millimetre wave antenna testing as even the accurate manufacturing of the antennas is a
challenge. The quiet-zone field distortions account some of the discrepancies between the
measurements and simulations, but not all. Therefore, it can be concluded that the RTO
operation differs from the simulations.

The difference in the RTO radiation from the simulations is mainly caused by reflector
surface errors, i.e., the actual reflector surface differs from the measured surface, and/or by
errors in the reflector illumination by the feed. In addition, the feed dislocation and
misalignment may contribute to the distortions in the radiation pattern and also, the quiet-zone
field may have a greater than the estimated effect on the measurement results as the two-
dimensional quiet-zone was not complete known. For more precise test results more data are
need - more data on the reflector surface and on the RTO feed radiation, especially on the
phase in the antenna illumination.

The quiet-zone field quality was, althought the phase error was quite large, the best obtained
in any CATR at sub-mm wavelengths to the author’s knowledge as no phase measurement
data for a sub-mm wavelength CATR quiet-zone have been published. Nevertheless, the
quiet-zone field phase should still be better for precise antenna testing. In a on-going project
funded by the European Space Agency (ESA), a hologram CATR for 650 GHz is being
developed with intention to test a 1.5 m class antenna in the CATR to be constructed. The
objective is to improve also the quiet-zone field quality.
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9 Conclusions

In this thesis, a ray-tracing based shaped dual reflector synthesis procedure was developed for
designing a sub-millimetre wavelength dual reflector feed system for a hologram-based
compact antenna test range. The wavefronts and the reflector surfaces are approximated with
local tangential planes, which allows a simple numerical implementation of the procedure.
Approximately 200 x 200 rays are needed for the synthesis of the reflectors with smaller than
A/100 numerical surface errors at 310 GHz, but 423 x 401 were used to ensure sufficient
numerical precision.

The developed synthesis procedure was used to design a dual reflector feed system (DRFS)
consisting of two shaped hyperboloid-type reflectors. The DRFS is designed to illuminate the
hologram in a CATR with a shaped beam with an amplitude described with a Butterworth-
function and a spherical phasefront originating from the system focus. The transition from the
shaped surface to the metal plate surface, on which the reflector are milled, was rounded to
reduce edge diffraction disturbances to the DRFS beam. The resulting reflector sizes were 122
mm % 83 mm X 4.6 mm for the concave sub-reflector and 165 mm % 119 mm X 2.8 mm for
the convex main-reflector. The DRFS design was verified with GRASP-simulations at the
frequency of 310 GHz, where physical optics (PO) and physical theory of diffraction (PTD)
were used to compute the radiated beam illuminating the hologram. The simulated DRFS
beam corresponds well to the desired hologram illumination; the maximum deviation is less
than 1 dB in amplitude and less than 20° in phase in the most significant region of the
hologram illumination. The phase deviation can be mostly compensated by decreasing the
distance of the DRFS from the hologram.

As the DRFS beam shape does not vary significantly over the distance, the designed DRFS
can be used to illuminate holograms of different size. The performance of the designed DRFS
1s mostly affected by edge diffraction effects, which are not included in the synthesis
procedure. At the highly shaped regions, the approximation of the reflector surfaces with local
tangential planes may cause numerical inaccuracy in the synthesis as the tangential plane for
each point is determined at a previously computed point on the reflector surfaces and there is
a delay in the change of the surface tangent due to this. In addition to these simplifications in
the synthesis, the amplitude and phase are assumed decoupled, i.e., the amplitude is shaped
using the sub-reflector under the assumption that the phase is not affected, and the phase is
corrected using the main reflector assuming that the amplitude is not changed. This
assumption is not entirely correct and for more precise synthesis both the amplitude and phase
should be modified simultaneously.
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The manufacturing tolerances for the DRFS were estimated using GRASP-simulations with
varying reflector positions and alignment for obtaining the maximum allowed errors in these.
It can be concluded that the manufacturing tolerance for the reflector surface shape is £5 pm
and £10 pm for the dimensions of the DRFS, i.e., for the reflector positions and alignment. In
order to meet these tight tolerances, the DRFS was manufactured as an integrated quasi-
optical system at Thomas Keating Ltd in England.

The DRFS beam was measured using a planar near-field scanner to probe the field incident on
a hologram at 310 GHz using a corrugated horn as a probe. The measured beam corresponds
very well to the simulated beam, and to the desired hologram illumination, as the measured
amplitude is within £0.3 dB of the simulated one and the measured phase is within 20° from
the simulated phase in the central region of the beam. The DRFS was also used to illuminate a
600-mm diameter test hologram at 310 GHz to verify the applicability of the feed system for
illuminating holograms in CATRs.

The quiet-zone of the hologram illuminated with the DRFS was compared to the quiet-zone of
a hologram illuminated with a Gaussian beam from a corrugated horn: the RMS ripple was
+0.37 dB in amplitude and £4.6° in phase for the hologram illuminated with the DRFS and
+0.23 dB in amplitude and +4.8° in phase for the other hologram inside the 250 mm region
corresponding to the quiet-zone. Considering the potential manufacturing errors in the
holograms, the operation of these holograms is in practise identical. The hologram illuminated
with the DRFS has much wider slots in the hologram pattern that are easier to etch.

The improvements to the hologram CATR performance using the shaped illumination with
the DRFS were investigated experimentally with test holograms at 310 GHz. The main
advantages of the DRFS are the improved manufacturability of the holograms and the
operation of the holograms also at the horizontal polarisation. The shaped hologram
illumination contains the amplitude taper needed to reduce edge diffraction eliminating the
need for tapering the slots in the hologram pattern near the edges. As narrow slots are difficult
to etch accurately and they are more sensitive to etching errors, hologram patterns with wider
slots are easier to manufacture. This is a significant advantage especially for higher
frequencies as the slot width is proportional to the wavelength. The tapering of the slots is not
applicable for introducing amplitude taper to the hologram aperture at the horizontal
polarisation as the transmission of the slots is only weakly dependent on the slot width at this
polarisation. The shaped hologram illumination with the DRFS allows the holograms to
operate also at the horizontal polarisation.

The relatively high cross-polarisation level in the quiet-zone of a hologram may be caused by
the cross-polarisation of the hologram feed or by the cross-polarisation generated by the
hologram itself. To determine which one of these factors causes the cross-polarisation level in
the quiet-zone, a polarisation grid was placed between the DRFS and the hologram. The
polarisation grid suppresses the cross-polarisation by approximately 21 dB. Based on this
experiment, it is concluded that the hologram causes most of the cross-polarisation and
therefore, the reduction of the cross-polarisation of the hologram is needed for improved
cross-polarisation performance in hologram-based CATRs. The polarisation grid can be also
placed between the hologram and the quiet-zone and then the cross-polarisation level is
reduced to below -33 dB in the quiet-zone.
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In order to improve the measurement accuracy in the near-field measurements using the
existing planar near-field scanner, the measurement error sources and their contribution to the
combined uncertainty at 310 GHz in the co-polarised amplitude and phase, and cross-
polarisation level measurements were investigated. Based on this analysis, improvements to
the measurement system and facilities were carried out. In the near-field measurements done
for this thesis, the combined uncertainties for the relative co-polarised amplitude was +0.1 dB
in one-dimensional scans and +0.2 dB in two-dimensional scans (contour maps), for the
relative co-polarised phase +£14°-15° depending whether a plane wave or a spherical wave is
under measurement in one-dimensional scans, and £18°-20° in two-dimensional scans. The
phase measurement uncertainty can be reduced further using error compensation techniques
based on separate error measurements and computationally removing the measured error from
the results. The phase measurement uncertainty is reduced to +8°-9° in one-dimensional
scans and to +12°-14° in the two-dimensional scans. The uncertainty in the cross-polarisation
level measurements was +0.6 dB and +£1.0 dB in the one- and two-dimensional scans,
respectively.

A CATR based on a 3-m diameter hologram at the frequency of 322 GHz was constructed for
testing a 1.5 m reflector antenna, the ADMIRALS RTO. The CATR was assembled, the
quiet-zone field was verified and optimised, the antenna tests were carried out and the range
was disassembled in about two months. The measured quiet-zone field amplitude deviation
was at maximum 2.6 dB peak-to-peak and the phase deviation was 250° peak-to-peak.
Horizontal and vertical cuts were measured together with two-dimensional contour maps of
the radiation pattern at the vertical polarisation. The measurement results were compared to
the simulated antenna pattern; the correspondence was reasonable, but the quiet-zone field
distortions have a significant effect on the measured pattern. However, they do not explain all
the differences between the measured and simulated antenna pattern. Therefore, it is
concluded that the shape of the reflector in the RTO is different from the measured surface
used for modelling the antenna in the simulations.

The results and findings described in this research have produced additional or planned
research activities in the Radio Laboratory, for example Master’s thesis. The development of
the DRFS for hologram-based CATRs continues and the benefits of using the shaped
hologram illumination are being investigated further.

In summary, the main new scientific results of this thesis are:

1) the design of a shaped dual reflector feed system for sub-millimetre wavelength hologram
based CATRs using the developed ray-tracing based reflector synthesis procedure,

2) the improvement of the hologram operation, especially, the hologram operation at the
horizontal polarisation using the dual reflector feed system,

3) the facilitation of the hologram manufacturing using the dual reflector feed system

4) increased knowledge on the hologram CATR operation, especially the mechanisms
contributing to the cross-polarisation level in the quiet-zone,

5) development of methods to improve measurement accuracy in planar-near field
measurements allowing the extension of the usability of an existing near-field scanner for
higher frequencies, and

6) demonstration of the applicability of the hologram-based CATR for sub-mm wave antenna
testing and the analysis of the operation of a 1.5 m reflector antenna under test at 322 GHz.
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