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Abstract

The Atacama Large Millimeter/Submillimeter Array (ALMA) is the largest astronomical
observatory ever built. It is located on the Chajnantor plateau, at an altitude of 5000 meters above
the sea level in northern Chile. It consists of an array of 66 antennas capable to detect weak-
signal sources coming from the deepest space. The detection instrument on each antenna is
divided in 10 high-sensitive dual-polarization heterodyne receivers that cover the frequency
range between 30 to 950 GHz. In particular, the Band-1 receiver is been designed to cover the
31-45-GHz spectral window. This Band will give help the astronomers to bring new light in
studies of anisotropies in the Cosmic Microwave Background Radiation, high-resolution of the
Sunyaev-Zel'dovich effect, imaging of cluster gas at all redshifts, gravitational lenses survey and
monitoring and mapping of the cold Inter Stellar Media matter at intermediate and high redshift.

The aim of this thesis is to design and construct a complete optical system for a 30-to-45-
GHz radio-astronomical prototype receiver that fulfils the ALMA Band-1 specifications. The
optical system includes a lens, a horn, and an orthomodal transducer. Each one of these
microwave components were designed according to well-known existing theoretical models, and
further optimized using commercial numerical software. Once the desired model was found, the
device was constructed and characterized. Every one of the three devices presented excellent
performances and good agreement between experimental measurements and simulations.
Moreover, a very import part of this thesis involved the development and construction of a near-
field setup used to measure the radiation pattern of the horn and the horn-lens arrangement
system. The most important achievements of this thesis were two. (i) The development of a very
compact spline-line horn design that has exigent beam characteristics. (ii) A first and unique
dual-ridge orthomodal transducer design, since it supports a large bandwidth in a very compact
form.

Keywords: Radio-astronomical instrumentation, heterodyne receiver, Quasioptics, microwaves,
ALMA Band 1.
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Resumen

El Atacama Large Millimeter/Submillimeter Array (ALMA) es el observatorio astrondmico mas
grande jamas construido. Se encuentra en el llano de Chajnantor, a una altura de 5.000 metros
sobre el nivel del mar en el norte de Chile. Consiste en un conjunto de 66 antenas capaces de
detectar fuentes de sefial muy débil que nos llegan desde el espacio mas profundo. El instrumento
de deteccion en cada antena consiste en 10 receptores heterodinos de doble polarizacion y de muy
alta sensibilidad que cubren la gama de frecuencia entre 30 a 950 GHz. En particular, el receptor
de la Banda-1 esté disefiado para cubrir la ventana espectral 31-45 GHz. Esta banda dara ayuda a
los astronomos a traer nueva luz en estudios de Anisotropias en el fondo de radiacion cdsmica,
alta resolucion del efecto Sunyaev-Zel ' dovich, detectar imagenes de gas de cluster a diferentes
redshifts, estudios de lentes gravitacionales y monitoreo y mapeo del medio interestelar frio a
intermedio y alto corrimiento al rojo.

El objetivo de esta tesis consiste en disefar y construir un completo sistema Optico para
un receptor prototipo de radio astronomia que trabaje entre los 30 a 45 GHz y que cumpla con las
especificaciones de la Banda 1 de ALMA. El sistema oOptico incluye una lente, una bocina y un
transductor Orthomodal de polarizaciones. Cada uno de estos componentes de microondas fueron
disenadas utilizando modelos teoéricos existentes y que son bien conocidos, y luego fueron
optimizados utilizando un software comercial numérico muy avanzado. Una vez que se encontrd
el modelo deseado, el dispositivo fue construido y caracterizado. Cada uno de los tres
dispositivos que fueron desarrollados y luego construidos en nuestro laboratorio, presenta
excelentes prestaciones y de buen acuerdo entre las mediciones experimentales y simulaciones.
Ademas, una parte importante de esta tesis estuvo muy involucrada en el desarrollo y la
construccion de una camara anecoica de campo cercana que fue utilizada para medir los patrones
de radiacion de la bocina y también del sistema integrado por la bocina y la lente. Los logros mas
importantes de esta tesis fueron dos. (i) el desarrollo de un disefio de bocina de tipo spline-line
muy compacta y que genera patrones de radiacion de muy alta calidad. (ii) un separador de
polarizacion ortogonal de sefiales que es muy compacto y compatible con un gran ancho de
banda.
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Chapter 1

Introduction

The Atacama Large Millimetre Array (ALMA) will be the largest millimetre and sub-
millimetre radio telescope in the world. It is under construction in the Altiplano region of
northern Chile, specifically in the Chajnantor Plateau. This is an extremely dry site at 5000 m of
altitude. Consequently, it is one of the best sites on earth for the measurement of millimetre/sub-
millimetre radiation from astronomical sources. ALMA combines an array of 66 antennas
(54x12m and 12x7m diameter antennas) specially designed for doing interferometry and
spectroscopic measurements of the early Universe with an angular resolution less than 1. It will
also reveal new information about the birth of stars and planets and the formation of galaxies.
Since the received signals coming from distant radio sources are extremely weak, ALMA will
use the most advanced low-noise receiver technologies developed so far. These technologies will
directly help to increase the signal-to-noise ratio quality of the measurements and, therefore,
decrease the time integration when doing interferometry. In general, ALMA will provide high
sensitive and precision imaging between 30 and 950 GHz in 10 bands at the Southern
Hemisphere. This telescope will be fully functional in about 2015.

In 2008 the Departments of Electrical Engineering (DIE) and Astronomy (DAS) of
Universidad of Chile, created of a new interdisciplinary research area in the field of Radio
Astronomical Instrumentation. One of the first projects of this new group was the design,
construction and testing of a 31-to-45-GHz full-operating ALMA Band-1 prototype receiver. For
that purpose two Ph. D. students were selected to initiate this work. One of these students would
be in charge of the construction of the complete optical system part of this receiver while the
second would work with the amplification, mixing and down-conversion part of the signals. The
aim of this Ph.D.-thesis is related to the first part of the aforementioned project, namely with the
different aspects that involve the design, optimization and construction of a suitable optical
system for a 31-to-45-GHz receiver that will be part of the prototype receiver for Band 1 of
ALMA.

A receiver covering ALMA Band 1 offers many unique scientific research capabilities
related to the field of radio astronomical observation for low centimetre wavelength ranges.
There are several important radio astronomical studies that can be made at this frequency band.
Among them, the most interesting ones are the Cosmic Microwave Background Radiation
(CMBR) anisotropies studies, high-resolution Sunyaev-Zel'dovich (SZ) effect imaging of cluster
gas at all redshifts, gravitational lenses survey and monitoring, and mapping the cold Inter Stellar
Media (ISM) matter at intermediate and high redshift.



1.1 Fundamentals

1.1.1 Science with the ALMA Band-1 Receiver

In astronomy there are several quantities, such as magnitudes, spectra, angular sizes and
distances that can be measure with radio-telescopes to study the evolution and structure of
different stellar objects, galaxies, Interstellar Medium (ISM) and the “cosmic microwave
background radiation” (CMBR). The CMBR is the cooled remnant of the hot Big Bang
explosion that fills the entire universe with a microwave radiation that has an average
temperature of about 2.725 Kelvin at 160.2 GHz [1]. In simple terms it means that the space
between the stars and galaxies is not empty when observing the sky with a radio telescope. At
very small angular size scales (i.e. large dipole moment /) the Band-1 receivers will be able to
detect these small CMBR temperature fluctuations of a few micro Kelvins. These small
temperature fluctuations are called “anisotropies” and are used to probe the galaxies scale sizes at
very far astronomical distances.

The study of the cosmic microwave background radiation and the astronomical red shift
observations are together regarded as the best available evidence for the Big Bang theory and
therefore are very important tools for modern cosmology. Figure 1 shows the CMB anisotropy
(red line) and other detectable source of emissions from our Galaxy (e.g. synchrotron radiation,
free-free radiation, and thermal radiation) as a function of the of the antenna temperature.

-
o
o

-
o

Antenna Temperature (uK, rms)

-
I

40 e'o slo 100 200
Frequency (GHz)

N
o

Figure 1. Expected CMB anisotropy (red line) as a function of the of the antenna temperature. The three main
interstellar dust foreground emission from our Galaxy are also shown, synchrotron radiation, free-free radiation,
and thermal radiation. The ALMA Band-1 coverage is indicated in with a yellow bar on the plot. The dotted lines
show the total foreground emission contribution. Here one can note how the Band 1, thanks to its sensitive and high
resolution, will be able to detect in detail the CMBR anisotropy fluctuations [1].

2



One of the most interesting application of the ALMA Band-1 will be the high resolution
imaging of the “Sunyaev-Zel'dovich effect” (SZE), a second order anisotropy spectral distortion
of the CMBR. The SZE effect is a physical process that occurs when high energy electrons
transfer energy to the low energy CMBR photons (trough inverse Compton scattering) in a hot
gas environment, resulting in irregular small fluctuations of the CMBR [2]. Using these surveys,
astronomers will be able to detect density perturbations in the Universe at high redshifts (z > 1)
which will reveal several hundred of new dense galaxy clusters located at the South Hemisphere
part of the sky.

With Band 1 it will be also possible observe gravitational lenses, which are formed when
photons are deflected by strong gravitational potentials around a massive object between the
source object and the observer [3]. This effect was already predicted by Albert Einstein's general
theory of relativity in the beginning of the 19 century, but it was not until 1979 that was
confirmed by observations of a double quasar known as Q0957+561 [4]. When studying these
objects at low frequencies, scientist will be able to measure more accurate values on the Hubble
cosmological constant and on the total matter density of the universe.

Another important application of this receiver will be when mapping the cold “Inter-
Stellar Media* (ISM) matter at intermediate and high redshifts. The ISM mapping is related to
trace the density of very cold gas (where star formation activity may occur) using indirect
detection techniques of low rotational photon emission transition of CO J=1-0, CO J=2-1, CO
J=3-2, [5], HCN J=1-0 and HCN J=2-1 [6], which are redshifted in the range of z =1-10
approximately. CO and HCN are use for tracing H; in cold molecular clouds (i.e. dark nebula)

where star formations occurs. Figure 2 show us the different CO detectable transitions at different
redshifts.
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Figure 2. The CO emission transitions at frequencies between 10-1000 GHz as a function of redshift. The detection

frequency range of the different ALMA bands is also shown. Of especially interest, is the left side of the figure, where
the ALMA Band-1 detectable CO transitions at different redshift are illustrated.
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“Masers” (“microwave amplification by the stimulated emission”) are similar to lasers
but they emit radiation at shorter wavelengths in the range of radio frequencies or microwaves
instead of visible light. In general there are two different kinds of radioastronomical maser
sources: circumstellar masers and interstellar masers. The former is generated from the mass
outflow from red giants stars while the latter is found in clouds of molecules in regions where
stars are forming. To the circumstellar class of masers belong, for example, the OH, H,O and the
Si0 masers. The CH3;0H (Methanol) maser is a typeof interstellar maser. Between 31 to 45 GHz,
ALMA will detect the SiO and CH30H masers. Their detectable transitions at those frequencies
are summarized in Table 1 and 2.

Table 1. Observed SiO maser lines in the Band 1 of ALMA (Wooten 2007). The v and J correspond to
vibration and rotational quantum level numbers, respectively.

Emission transitions Frequency (GHz)
v=0(J=1—-0) 43.423585
v=1(J=1-0) 43.122079
v=2(J=1-0) 42.820582
v=3J=1-0) 42.519373
v=0(J=1—-0) 42.879916
v=0(J=1—-0) 42.373359

Table 2. Observed (Menten 2007) and predicted (designated with a star, Cragg et al. 2005) methanol
maser lines in Band 1.

Transitions Frequency (GHz)
14(-3) — 15(-2)E* 34.2368
4(-1) - 3(0)E 36.1693
7(-2) — 8(-1)E 37.7037
6(2) — 5(3)A" 38.2933
6(2) = 5(3)A 38.4527
7(0) — 6(1)A" 44.0694
2(0) — 3(1)E* 44.9558

The birth of a planet could take several of millions of years. Its formation takes place
inside “protoplanetary disks” rich in dust and gas that are surrounding young stars. In a first
evolutionary stage, the dust starts to interact with the interstellar gas that freeze and covers its
surface to form “grains”. Lately, the grains tend to chunk with each other due to gravitational
forces, and thereafter becomes larger pebbles, that later becomes rocks and finally a planet. To
study the evolution of such grains deep inside protoplanetary disks, astronomers need to observe
at longer wavelengths since then these disks become optically thin. ALMA Band 1 is intended to
study the grains evolution inside protoplanetary disk at wavelengths that varies between 0.7 to
1.0 cm.



1.1.2 A Typical Millimeter Heterodyne Radio Receiver

The typical front-end configuration of a heterodyne radio receiver working up to 100 GHz
is presented in Figure 3. This kind of receiver is called coherent detector receiver since it
maintains the phase information of the original signal while it is down converted into a lower
frequency signal making easier its digital post-processing. In brief, what a heterodyne receiver
does is to combine two signals with different frequencies, one coming from de antenna, of
frequncy [}, and the other of proportional strength but lower/higher in frequency, [1,, provided
by the local Oscilator (LO), which then results in an output signal that contains a complete
spectrum of frequencies that are linear combinations of []; and [, but with the amplitude
proportional to the amplitude of [];. The element where this conversion process takes place is
called mixer which, in general, is any nonlinear microwave device, such as a Schotky diode [7].

The useful output terms in a mixing process are the frequencies ([1; — [1,) > 0 (Upper
Side Band “USB”) and its image ([J, — [ ) > 0 (Lower Side Band “LSB”). Depending on how
these two output signal bands are processed, a receiver is clasified in three main categories: SSB,
DSB, and SBS receivers. In a Double Side Band (DSB) receiver both sidebands are detected in
the same output while in a Single Side Band (SSB) receiver the unwanted sideband signal is
suppressed using a pass filter in front of the mixer [8]. Finally there is the so-called sideband
separating (SBS) receiver where the unwanted image channel is not filtered out but is separated
from the signal channel and its outputs will be processed independently [9].

Low noise | || w3

IF lifi
HORN OMT amplifier MIXER 5 | amplirier TT\
@2 \ /

Rectagular Isolator Coax. Cables
Waveguide

Figure 3. Block diagram of a typical heterodyne radio receiver configuration for frequencies up to 100 GHz. The
figure shows also the input signal w; the local oscillator signal w, and the resulting down converted output signal
3.

The receiver configuration block shown in Figure 3 depicts a horn that guides the EM-
radiation (previously collected by the antenna dish) into the Ortho-Modal Transducer, OMT,
which splits the signal polarization in two linear/circular orthogonal polarized components. The
OMT is a device that can be integrated in a heterodyne receiver system if polarization
measurements are needed to be done. Then, the output of a single polarized signal is guided into
a low noise amplifier which amplifies the signal adding noise as low as possible. This device is
the main responsible to determine the overall noise performance of the whole receiver system.
The microwave isolator lying between the low noise amplifier and the mixer allows that the
transmitted signal follows the direction of propagation without being reflected into the input port
of the amplifier, avoiding in this way saturation or instability of the amplifier. Finally, the
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resulting amplified signal is down converted inside the mixer block before being amplified later
on by the Intermediate Frequency (IF) amplifier, the last component of the heterodyne receiver. It
is important to mention that in general the entire receiver will show better performance when
working at cryo-cooled temperatures of 77K or/and 4K (see section 1.1.5).

1.1.3 Noise Basics

Noise is formed by unwanted power contributions that, when combined with the power of
the wanted received signal, affects the ability of the receiver to reproduce correctly the original
signal. In general if the attenuation of a medium (e.g. atmosphere or electrical component)
increases, so it does its emitted noise temperature. For frequencies above 1 GHz the source of
noise can be separated in three main groups [10]:

a) The noise emitted by natural sources located within the antenna reception area such as the sky
(Cosmic Background Microwave radiation) and the earth noise (non-ionized part of the
atmosphere).

b) The thermal noise generated by the different components in the receiving system.

c) The noise contribution produced by the ground transmitting antennas and electronics which
produce interference.

The equivalent total noise power captured by a receiver in dBW is given by kT, B where
k is the Boltzmann’s constant, Ty, is the total temperature contribution of the different noise
sources (K) and B is the noise bandwidth (Hz). Now, the total noise contribution is given by the
following equation:

]-;ys = Tant + T;'ec = Tatm + ]-;kv + Tground + T;'ec [K] (1)
where:

Tant = the total antenna noise temperature = Taum +Tsky T Taround [K]
Tam = the non-ionized atmospheric noise temperature [K]

Tsky = the cosmic background noise temperature = 2.7 K

Teround = the earth surface ground noise temperature [K]

Tec = the total noise temperature of the receiver [K]

The receiver noise T, is generally represented as if there were multiple noisy components
connected in cascade, where the noise temperature of the cascade will be limited by the noise
temperature of the first component (from left to right) in the cascade. The gains of the
components at the beginning of this system will have a large contribution effect to minimize the
total noise temperature at the output of the system. Its total noise contribution can be estimated
according to [11]:

T, =1 +£+L+...+L [K] 2)
G, GG, GG,.G



where:

T, = noise temperature of the n” component in the cascade [K]
Gy = gain of the n'" component in the cascade. (n=1,2,3, ...)

1.1.4 The ALMA Site Location

The amount of Precipitable Water Vapour (PWV) on Llano de Chajnantor site, where
ALMA is being constructed, can vary between 1.0 to 0.3 mm along the year which allows a full
spectral coverage transparency for all the 10 receiver bands designed for this array. A typical
PWYV median of 0.5 mm can be expected for 50% of the observing time during the months of
May-November. In Figure 4, it is shown the atmospheric transmission between 1 GHz to 1 THz
for PWV value of 0.5mm. Note the excellent transmission values at lower frequencies, especially
around the Band-1 frequency range.
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Figure 4. Zenith atmospheric transmission estimation in Chajnantor as a function of the frequency with an average
perceptible water vapour PWV = 0.5 mm [12]. Note that the frequency bands corresponding to the 10 different
ALMA receiver systems are also plotted in the diagram.

An annual variation of the PWV content study at Chajnantor, based on 10 years of site
testing [12], shows that this site has the most dryness and stable sky environment around the
world, very important characteristics that finally determined ALMA to be constructed there.
Members of our group were involved in the site identification already in 1994.



1.1.5 The ALMA Cassegrain Antenna Specifications

The final ALMA array configuration will consist in a total of fifty 12-meter diameter
antennas that will be used for interferometry, four 12-meter diameter antennas for total power
measurements and twelve 7-meters diameter antennas for doing short spacing interferometry [13].
The first 50 antennas are being manufactured by Alcatel Alenia Space (for ESO, Europe) and
Vertex RSI (for NRAO, USA), while the remaining ones are being constructed by Mitsubishi
Electrical Company (for NAOJ, Japan). Each antenna has a parabolic primary reflector with a
diameter of 12 or 7 m and a hyperbolic secondary reflector. In Figure 5, the optics layout of a 12-
meter Cassegrain antenna is shown and the symbols are described in Table 1. For further details
about the mechanical layout of the Cassegrain antennas, concepts and definitions please see
reference [14]. See also reference [15] for a dual reflector Cassegrain antenna design introduction.

FESS

|, receiver cabin depth 3m
- Signal

- Lens

~— Band 1rec. Cryostat Im

Figure 5. (Left) Optical layout of the ALMA 12-meter diameter Cassegrain antenna. The diagram also shows the
ALMA Cryostat, where the Alma Band-1 receiver band, will be located. The FESS is the Front End Support
Structure which helps to attach the Cryostat to top of the antenna cabin, and also align its centre with respect to the
antenna optical axis. Refer to Table 1 for symbol descriptions [13]. (Right) An ALMA Cassegrain antenna
manufactured by VERTEX.

Table 3. 12-meters Cassegrain antenna optical Parameter description [13].

Symbol Description Value
D Primary Aperture 12m

o Focal length of Primary 4.8 m
1D /D ration of Primary 0.40

d Secondary Aperture 0.75 m
F/D Final {/D ratio 8.00

F Focal length of equivalent Paraboloid 96 m
M Magnification 20

e Secondary Eccentricity 1.10526
o, Primary angle of illumination 128.02°
0, Secondary angle of Illumination 7.16°
2c Distance between primary and Secondary foci 6.177 m
v Primary Vertex Hole Clear Aperture 0.75m




1.1.6 The Cryostat and the ALMA Cartridges

The ALMA cryostat [16] was specially designed to house all ten receivers inside a
common dewar. The dimensions of the dewar are 0.97 m in diameter and a 0.62 m in height.
Each receiver is built in a cylindrical structure called cartridge which is divided in three section-
levels cooled down to 4, 15 and 110 K, respectively, by a 3-stage GM RDK 3ST Sumitomo
cryocooler [17]. The cartridges are designed to be inserted into ports at the bottom of cryostat. In
Figure 6, the ALMA cryostat concept is illustrated. The dimensions of the Band-1 cartridge are
0.17 m in diameter, approximately 0.47 m high and it is located on a radius of 0.295 m from the
centre of the cryostat top plate [18]. Due to fact that the Band-1 receiver components such as the
horn, OMT and other active components are relatively large, the 4 K stage-plate can be removed
from the cartridge, leaving only the 15 and 110 K stages to cryocool the components. The
cartridge height measured from its bottom to the 15 K shield plate will be then 0.2 m which
means that there will be 27x0.17x0.27 m’® of free space available to accommodate the optics and
the low noise amplifier on top of this plate.

IR Shields Cryostat Top Plate

\

ALMA Band 1
Vaceum Window |
v

Il

ALMA Band 1
Cartridge

Cryo Cooler

4 K Stage

20K Stage 293 K Stage

110 K Stage

Figure 6. (Left) Cross-section of an ALMA cryostat with a view of the cartridges location inside of it. The signal
collected by the antenna subreflector is focused through the vacuum windows inside the corresponding receiver horn.
Note that the receiver cartridges will be inserted into ports at the bottom of the cryostat and the sides of the chassis
will hold part of the supporting electronic equipment. (Right) An ALMA cartridge showing the different cryocooled
stages. The 4 K stage will be removed to attach the most critical microwave parts on top of the 20 K plate [16].



1.1.7 The ALMA Amplitude Calibration Device

The Amplitude Calibration Device or “ACD”, is a robotic arm that consist of two
blackbody radiators loads with well known physical temperatures that are monitored as a power
references [23]. The first load is an ambient temperature of about 293K. The second one is an
actively hot load kept at a well-established temperature of between 343 and 353 K. There is also
a third solar load that is will be used for Sun observations. By inserting the hot or the ambient
loads in front of one selected receiver band input, and then shifting between them, the amplitude
scale of each receiver measure system noise can be calibrated with respect to the detected
measured sky signal. The importance of mentioning this device in this section is due to the fact
that the distance between the Cryostat Top-plate and the bottom part of the ACD filters will
limited the spacing of the optical setup arrangement design to be used on top of the Bandl
receiver. In Figure 7 it is shown a schematic CAD figure of such system.

RF Loads Armi#2 motor & gearbox

Solar Filter

Armit1 gearbox

Arm#1 motor

Structure

Calibration Wheel

Hot load controller QWP translation unit

Figure 7. CAD overview drawing of the ALMA ACD showing its mayor sub-device features [23] .

1.1.8 The ALMA Band-1 Receiver Specifications

All ten receiver bands are designed to measure total power and polarization state (dual
linear polarization) of the received signal at a given frequency. The frequency band directly
determines the component technology (optics design, mixing scheme, and amplifier types) that
will be used in the receiver design. According to the ALMA Project Book [19][20], the ALMA
Band-1 receiver requirements are summarized in Tables 4 to 6.
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Table 4. Band-1 general receiver configuration and noise specifications.

Maximum Receiver noise

Frequency | Optical Low Noise - Frequency | temperature
Range system Receiver Mixing Range
8 VS scheme g T  (SSB) | T (SSB) at
RF input design technology IF output over 80% of | any RF
the RF band | frequency

Lens +

31 - 45| IR filters +

GHz Horn n HEMT USB 4-12GHz | 17K 28 K
OMT

Table 5. Band-1 Local-oscillator (LO) specifications.

Bottom frequency Top frequency Remarks

27 GHz 33 GHz USB mixing scheme

Table 6. Band-1 SSB Mixer requirements.

Down converted Output Bandwidth Single-Side Band Image band Rejection”
frequency (SSB) fully tuneable (SSB)
4-12 GHz 8.0 GHz >10dB

1.1.9 Low Noise Receiver Technology

HEMT stands for “High Electron Mobility Transistor” and is a field effect transistor that
presents very low noise output characteristics when working at room temperature. Some of the
designs present good performances also at cryogenic temperatures [22]. HEMT amplifiers are
often used in radio astronomical receiver systems as the primer amplification device when the
detection signals are below 100 GHz. The HEMT is a junction between two materials with
different energy bandgaps. For example, one is made of a highly-doped n-type AlGaAs thin layer
and a non-doped GaAs layer. The effect of this junction is to create a very thin layer (also called
2-DEG “two-dimensional electron gas”) where the Fermi energy is above the conduction band.
When biasing this 2-DEG layer, the substrate behaves like a uniform material with high electron
mobility (i.e. low resistivity) and adding the fact that with today’s manufacturing technology
techniques, the gate length of the junction can be reduced in a few tenths of micrometers, then,
the recombination time of the transistor will be very short. Therefore the HEMT has ability to
work at higher frequencies than it is possible with other transistor of the same family such as the
MESFET [23].
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1.1.10 Mixing Scheme

In Figure 8, the Upper Side Band, USB mixing scheme is presented. The term [J,
correspond to the input signal being detected (31-45-GHz), [, is the signal delivered by the
Local oscillator that it will be tune, in this particular case, between 27 and 33 GHz (depending on
the frequencies that are need to be detected), while [1; — [, is the resulting USB output signal.
The Lower Side Band signal LSB is suppressed by a waveguide high-pass filter placed at the
input of the mixer. Thus, this mixing scheme will delivery and instantaneous analogue
Intermediate Frequency (IF) output signal of 8 GHz for each polarization, starting from 4 GHz up
to 12GHz.

SSB mixer >

| |Frequency
»

Figure 8. The diagram shows how the RF input signal [1; and its image [1;” are down-converted in a Single Side
Band mixer. In this figure it is shown as example the cancellation of the LSB image. [, corresponds to the LO

frequency.

1.2 Addressed Problem

When measuring very weak astronomical signals, it is important to keep the antenna and
the receiver noise temperatures, 7,,, and T,.., as low as possible. If the noise temperature of the
antenna is maintained as low as possible, which can be achieved by using a large antenna dish
(maximizing its directivity) and a well designed corrugated horn (minimizing the side lobes),
then, according to Equation (1), 7,.. can be minimized by cooling as much as possible all or the
major parts of the receiver components, such as the optical elements and the HEMT amplifier of
the receiver system. There is, however, also another important concept in radio astronomy that is
must be taken into account when designing radio astronomical receivers which is called the
sensitivity of a receiver. This is a figure of merit that tells us the ability of such instrument to pick
up and resolve weak signals among a noisy environment. The sensitivity 47 of a single radio
antenna system is given by [24]:

AT ~ Tm\/ L, (Ej K] 3)

A VAL G
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Where:

T,,s = total noise contribution of the whole receiver system (see Eq.1) [K]
Av = bandwidth of the system [Hz]

At = integration time of the measurement [sec]

G = total gain of the receiver system

AG = total gain fluctuations of the receiver system

Equation (3) is telling us that the receiver sensitivity depends on the gain stability of the
system and its total noise temperature. It also tells us that the use of wide bandwidth and long
integration time will also reduce noise fluctuations (i.e. increase its sensitivity). Therefore, the
goals of radio astronomical receiver development can be identified as a three step optimization
process. First, greater sensitivity of the system needs a large total gain which can be solved by
using large antenna reflectors (the size of the antenna is already fixed, nothing more that can be
done there), special designed horns with high directivity and low side lobes characteristics (a part
of the optical receiver design), high gain with low noise “first stage” amplifier (e.g. HEMT
amplifier [25]) and the use of low loss optical microwave components (see section 2.7.1 for
further discussion). Secondly, the total noise of the system must be kept as low as possible which
leads to the use of cryogenics on most of the optical components, and passive and active
microwave components as well. Finally, a stable gain stability of the system is reached, by
constructing the radio astronomical antenna in a site with excellent weather conditions (as it was
discussed in section 1.1.3), and by using very stable gain low noise amplifier (LNA). Once these
three processes are optimized, the determination of the integration time duration can be
determined according to the type of observations that are needed to be made.

1.2.1 Our proposed 31-45-GHz Receiver System

Following the specifications for the Band-1 receiver presented in section 1.1.6, the
configuration shown in Figure 9 has been proposed by our research group. The receiver system
has been divided in three mayor subsystem blocks: the optical system, the amplification system,
and the down-conversion system block. These subsystems are planned to be constructed using
our own designed/manufactured microwave components (such as the lens, horn, OMT, HEMT's
waveguide filter, while other components will be purchased (isolators, IF low noise amplifier,
mixers) or acquired trough external cooperation with foreign Universities (e.g. transistor for the
HEMT amplifiers and PPL controller of the LO system).

13



BiHyperbolic 293K
HDPE Lens oK

20K [ :

\ S~ 30 GHz
/7| 313-45GHe
PTFE filter _@_ ,_
Gore-Tex

filter 30 GHz

—e IF1 4-12GHz

0 H—e Ref2 27-33GHz
LO unit
HORN | OMT 27-33GHz
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Figure 9. Our proposed Band-1 receiver configuration. In this diagram, the receiver is divided in 3 main subsystems
where the optical and amplification systems are mounted in the cartridge and placed inside the cryostat. The down-
conversion chain system will be located outside the cryostat, specifically behind it where this system is attached to
the electronics chassis part of the system.

An observed RF signal that is coming from a Cassegrain subreflector antenna is coupled with the
horn via a optical system made by a lens and a coupled of IR-filter. The signal is then divided by
an Orthomodal Transducer (OMT) into two orthogonal polarization independent channels that
are further amplified by an High-Electron Mobility Transistor amplifier (HEMT) each, cooled at
20K. Later, these amplified signals are down-converted into and Intermediate Frequency (IF)
output signal with the help of a Schottky mixer, but prior reaching that state, the Lower Side
Band (LSB) part of the amplified signal was suppressed by a low pas-filter.

The design, development, construction and testing of the whole first subsystem part of this
receiver prototype will be the Ph. D. thesis topic of the author of this paper. The second and third
subsystems will be developed and constructed by a second Ph. D. student. These two students are
members of the Radio Astronomical Instrumentation Group of the Electrical Engineering
Department of the Universidad de Chile, located in Santiago de Chile.

1.2.2 Keeping the Total Receiver Noise as Low as Possible

According to the receiver configuration proposed in the previous section, there are two
main ways to tackle the low noise specification levels needed by the ALMA Band 1 receiver
system. The first is by optimizing each one of the optical component materials, dimensions and
design to keep the overall total noise contribution of the optical system as low as possible. The
second one is fully determined by the total gain, and noise contribution of the HEMT amplifier
that is going to be used in the receiver. Using Equation (2) and applying the strategy of dividing
the proposed receiver configuration (Figure 9) in three main blocks, each one with a noise
temperature, Tj, gain, Gj, and losses, L= 1-G;j, a figure of merit illustrated in Figure 10, was
obtained. Note that in these calculations the noise of the down-conversion system T3 has been
fixed to 500 K. This figure of merit illustrates the dependence between the total noise
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temperature of the system and the total gain for different noise temperatures of the optical system
setup and the amplification subsystem.

Opical Amplification Downconversion
system block system block system block
T T

C))

Figure 10. Simplified system noise block for the proposed receiver system presented in section 1.2.1. Here the T} is
the optical system noise temperature; T, is the Low Noise Amplifier chain (i.e. amplification system part) overall
noise temperature, and T3 is the down-conversion system noise temperature.

Theoretical Noise Perfor

Tsystem (K)
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———
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===T1= 5K, G1=0.977, T2=10K [

101 17 K, ALMA Band 1 Noise Specification (80% of the band) 7
L | I I T I S T S A S S N T ST S N N N R N
10 15 20 25 30 35 40 45
Gain G2 (dB)

50

Figure 11. Theoretical receiver noise performance for the simplified system block diagram shown in Figure 10. Note
that the horizontal solid line denotes the 17 K total receiver noise level specified for the ALMA Band-1 receiver

system

As shown in Figure 9, the ALMA specification of 17 K for the Band-1 receiver will not be
easy to reach. Even if the system incorporates the best and latest HEMT amplifier technology
with high gain and low noise characteristics (see Table 5 in section 2 for HEMT technology
examples used at similar/related frequency bands), the final total receiver system noise
performance Ty,q.n Will depend strongly also on the total noise contribution of the optical system.
Hence, this thesis will be focused in how to design, optimize and construct an optical system that
will contribute with the lowest noise level as possible to a 31-45-GHz receiver system.
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1.3 Scope of this Thesis

The rest of this thesis is organized in 6 chapters. Chapter 2 describes existing radio-
telescopes in other parts of the world that work in the same or similar frequencies range as the
ALMA Band 1 receiver. This Chapter also describes some related research work that had
important relevance for the design and construction of the horn and orthomodal transducer.
Chapter 3 presents an overview of quasioptical techniques for designing optics in the microwave
range, lens design and simulation, optical system noise budget verification, and its construction.
Chapter 4 discusses the horn design and its optimization techniques (starting from the optical
design developed in the previous chapter). The final constructed device, a very-compact
corrugated horn with a spline-line profile, is presented. It is shown that gives excellent beam
performances. The same chapter also presents the measuring results of the horn and the horn-lens
system. Chapter 5 introduces us to the design, simulation, optimization, construction, and
characterization of a dual-ridge Orthomodal Transducer (OMT). This OMT has a first and unique
design of its kind, since it supports a large bandwidth in a very compact size. Moreover, this
chapter also describes the design and construction of a very short circular-to-square waveguide
transition (used to connect the horn and OMT), which can be easily built-in into the OMT block.
Chapter 6 draws the final conclusions and describes the future work that can be continued from
this rese

16



Chapter 2

Bibliographic Revision of Related Work

In this section some existing radio-telescope receiver technology, working in the range of
the K and Q-bands are mentioned. Afterwards, it will follow that will be useful when designing
and constructing our 31-45-GHz ALMA Band-1 optical system. It has already been decided that
the most critical optical components such as lens, horn, circular to rectangular transition, and
OMT are going to be designed, constructed and tested at our institution. On the other hand, the IR
filters and isolators will be purchased from commercial suppliers. The standard waveguide
dimensions that will be used to transport the RF signal from the OMT to the HEMT amplifier
(and further on up to the mixer) is the standard WR-22 waveguide type. It supports optimal
frequency transmission of the standard TE;, Transverse Electrical mode in the range of 30 to 50
GHz [26].

2.1 Existing Radio-telescope Receivers at 31-45 GHz

There are several existing radio telescopes around the world working in frequency bands
that are similar to the 31-45-GHz spectrum band. In Table 5 we summarize some of these
telescopes that use HEMT amplifiers technology for detecting the received radio signals.

Table 7. Existing radio telescopes using HEMT technology and with similar receiver frequencies range as
the ALMA Band-1 receiver.

Radio telescope name Telescope type | Frequency | Bandwidth | Best receiver
(Location) [Reference] bands [GHz] [%] noise temp. [K]

“Australia Telescope Compact | Interferometer 30-50 50 30
Array” ATCA (Australia) [26]

“Cosmic Background Imager” | Interferometer 26-36 32 15
CBI (Chile) [27]

Effelsberg (Germany) Single dish 27-36.7 30 20

[28] 41.6-44.4 6.5 73

“Extended Very large Array” Interferometer 26.5-40 40 40

EVLA (USA) [29] 40-50 22 48

“Q/U Imaging Experiment” Array 26-40 42 20
QUIET (Chile) [30]
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Even though these telescopes work at cryogenic temperatures and use very similar
amplification and down conversion systems than our proposed receiver, they defer in their optical
configuration. In our case, the Band-1 receiver will need to use a lens placed in the front of the
subreflector to refocus the beam waist into the horn, while for most of the other telescopes the
subreflector connects the radiation directly into the feeder. In that sense, the main useful
information that can be extracted from those references will be related to the design and
construction of specific components in our receiver design.

2.2 Preliminary ALMA Optical Design

According to the ALMA specifications all the receiver bands must use optics that will not
require any focusing system due to the fact that all the 10 receivers will be housed in a common
cryocooled Dewar with fixed optical component. A preliminary optical design made by J. Lamb
[31] for ALMA Band 1 is shown in Figure 11, where the OMT and some important dimensions
are also included. It consists in a plano-convex spherical lens and a standard conical corrugated
horn design with the IR filters located between these two components. The size and location of
the components and the lens focal length are designed to fit the ALMA Cassegrain antenna focus
(see section 1.1.4).

ﬁr NOMINAL cass Focus Band 1
| 186

170

Spherical
Lens

58.4

193

i

300 K
shield 110 K
shield
15K 1
shield

132.5

|

OMT
WR 22 WH22
waveguide waveguide

Figure 12. Preliminary ALMA Band-1 optical design showing the dimensions of the lens, filter, horn, and the OMT
and how they are mounted in the top part of the cartridge. In this figure, one can also note the approximate location
of the 15 K and 110 K stages of the cryocooler [31].

Since the type of lens used in this configuration is rather thick, it will results in high signal
absorption and therefore it will generate a large amount of noise, a new thinner lens design is
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being proposed in thesis project. This new lens design will also have a direct impact in the
dimension and shape of the corrugated horn design showed in Figure 11.

2.3 Dielectric Lens and Quasioptical Ray Analysis

A dielectric “thick™ lens (its thickness is proportional to the working wavelengths) will be
the first element in our receiver system design since according to the ALMA Cassegrain-antenna
specifications [32], the focus of the 31-45-GHz received signals will be located in between the
subreflector mirror and the feed horn input and therefore the beam needs to be refocused into the
horn. The optimal lens design can be carried out using the Fundamental Gaussian Beam Mode
analysis [33]. The Fundamental Gaussian Beam Mode analysis, or “Quasioptics”, deals with the
propagation of a beam of radiation that is reasonably well collimated but has relatively small
dimensions when measured in a direction transversal to the axis of propagation in multiples of
wavelengths. The Quasioptical mathematical formalism treatment can be found in [34].

There are three important considerations to take into account when designing a dielectric
lens at mm frequencies and especially for this kind of optical system. First, the preferred lens
profile is a convex bihyperbolic lens since, according to Goldsmith [34], it should preserve the
phase of a large wave front (i.e. large beam waist) that is propagating trough this lens design
better than as it is in the case of a spherical lens choice [36]. Secondly, the lens material must
have a large refractive index » and a low tangent loss ¢ [35], since they will determine the lens
thickness. The lens thickness should be small as possible (but remembering that it should be not
so small since this element will also act as a vacuum window) to minimize the noise contribution
of the optics to the total receiver noise. Finally, at 38 GHz, which is the center frequency of the
band, the lens focus at the right must coincide with the focussed beam waist position of the
Cassegrain subreflector, and the other lens focus (left side), must be centred at the phase center
position generated by the horn at the same (i.e. “focused optical system” [37]). Hence, the
radiation coupling efficiency, c;,, between the subreflector and the horn will be maximized over
the whole bandwidth and thereby it will be not necessary to realign the optics when changing
frequency. Reflection at the lens surface can be minimized if circular grooves are cut in both
sides of this component as they act as an antireflection layer [38].

A possible alternative to the bihyperbolic lens design is to use a so called Zoned Lens and
Zoned Plate Lens, see Figure 12. Some advantages of such lens design are that this process
reduces considerably the weight of the lens, and thereby it becomes thinner and have less power
dissipation than the bihyperbolic lens design. On the other hand, these kinds of lenses have two
mayor drawbacks. First, if they have a large diameter and if they works as a vacuum window,
they may not hold large pressure since, due to it inhomogeneous surface, it could crack easily at
their sharp concave edges (a hyperbolic lens is more robust in that sense). Its second major
drawback is that they are bandwidth limited and could generate some phase distortion
contribution at the focus that depends in the total number of zoned steps profile used in its
construction [39].
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Figure 13. Different lens design profiles. As it can be seen, the zoned lenses have a different transversal sections that
make them thinner than a normal profile lens.

Summarising then, our lens should support a large bandwidth (i.e. 30-45 GHz), it must be
able to sustain a good vacuum and high pressure tolerance, must have low power losses (it will
depend on the thickness of the lens and on the choice of dielectric material used in its
construction), and finally, an antireflection surface treatment of both lens surfaces must be
provided to minimize reflection losses.

2.4 Infra Red Filters

A radio astronomical cryogenic receiver requires the use of infrared (IR) filters to avoid
that the external heat load contaminates the different internal cold stages of a Cryostat. The IR-
filters main functions are to be fully transparent for the radio frequencies that are measured and to
shield efficiently each one of the cryogenic stages from the IR radiation coming from the outside
of the receiver. Inside the cryostat, the two radiation shields (15 K and 110 K) have circular
apertures made in the cryostat wall where the IR filters are attached (see Figure 6). The 110 K
stage filter will be made of PTFE [40]. On the other hand, the 15 K filter will be constructed
using Gore-Tex, which is a kind of commercial expanded PTFE dielectric foam [41]. The
dimensions and dielectrically properties of such IR-filters are summarized in Table 8.
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Figure 14. The left figure show a schematic filter representation showing the two main IR-filter stages with their
corresponding materials and configurations. To the right, a real picture of the manufactured 110K (upper) and the
14K IR-filters (lower) [42].

As it can be seen in Figure 14, right figure, each one of the filters will be attached
mechanically to their corresponding stages using two copper rings, one on the top and the other at
its bottom, which help them to reach thermal equilibrium with their shields. The left part of
Figure 13 correspond to a couple of pictures of such IR filters being constructed and delivered by
the Institut de Radio Astronomie Millimétrique”, IRAM, in France for the ALMA Band1 [42].

Table 8. IRAM manufacturad Band1 Infra Red filter material properties and dimensions.

IR-filter type Material Dielectrical Diameter and Antireflection
Properties " Thickness Layer
110K filter PTFE n=1.5 Diameter: 61 mm | Triangular machined grooved

loss_tan = 3¢™ Thickness: 8.5 mm | patterns on both sides (pitch =
4mm, slot depth = 3.5mm)

15K filter Goro-Tex n=12 Diameter: 40 mm None
loss_tan =2¢™ Thickness: 3 mm

M data taken from reference [42].
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2.5 Horn Design

A horn is a radiating/receiving electromagnetic element feed that is often used in
microwave satellite communications systems or in radio astronomical receivers. The most typical
feed used in this kind of applications is the so called “conical corrugated horn” whose main
characteristic is that it supports a wide bandwidth over which both, the sidelobe levels and cross-
polarisation are very low. Such horn structure comprises three main sections as it is shown in the
bottom part of Figure 14. A circular waveguide input (that support the TE; fundamental mode), a
flare controlled conical corrugated section (supporting the HE;; mode) and an output throat
section [43]. The corrugated section is divided in two subsections, the first from left to right
(according to Fig. 14) is the mode launching section which has corrugation depths and teeth
length of variable sizes, and secondly there is the thread section with a constant corrugation
pattern. A good introduction to corrugated horn design can be found in references [95] and [44].
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Figure 15. (Top) A typical conical corrugated horn cross section, showing its corrugation pattern. (Bottom) The
main design parameters of such horn type.

The geometrical parameters shown in Figure 14 have a strong influence in the radiation
pattern response and the overall performance of the designed horn [46]. For example, the semi
flare angle size determines the phase center position of the beam and the generation of unwanted
higher order modes [47]. The mode-launching section geometry is responsible of a smooth
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transition mode conversion level [48]. The radiation pattern symmetry and cross-polar
characteristics are defined by the shape of corrugation profile [49]. Finally, the total co-polar
bandwidth of the received signal is determined by the size of the horn output aperture (e.g. the
larger the more bandwidth it supports) [50].

By making an appropriate choice of flare angle, corrugated profile, mode-launching
section type, and throat aperture size, an appropriate horn design can be developed for any
receiver system.

There are two other horn alternatives types that are interesting to study and make good
candidates for our system. The first one is the so called “Smooth-Walled Spline-Profile” horn
developed by C. Granet [S1]. In this design, the horn corrugations have been replaced by several
cylindrical ring sections which increase in size as they reach the horn-output throat. As an
example, see the horn profile geometry presented in Figure 15. Its main advantage is that it is
easier to machine and presents good beam profile characteristics (e.g. low side loves level) but
cannot easily achieve a good cross-polar level as the corrugated horn design.
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—100

8] 1G0 200 300 400 LS00 6040 700 800
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Figure 16. A schematic Smooth-walled Spline-line horn profile example taken from reference [52].

The second interesting alternative is a multi-sectional flare-angle-discontinuity “Potter
horn” [53] with a complex flare angle discontinuity theory that is discussed in reference [54]. For
example, see Figure 16. This type of horn presents great advantages from the manufacturing
point of view since is easy to be machine from a single piece of metal block (no grooves are
machined into the horn walls). Its exhibits excellent beam circularity and low cross polarisation
over a relatively large bandwidth. However, in general, the more bandwidth the application
requires, the more the number of sections that has to be added to the horn and therefore the more
complex and time demanding will be the simulation.
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Figure 17. Geometry of the Potter horn (solid line) with ry and Ly are the radius and the length of the N-th conical
section.

2.6 Circular to Square Waveguide Transition

As it was discussed in the previous section the horn feed collects all the radiation that it is
being received by the antenna dish and while the radiation is launched from the horn into the
circular waveguide input port, the electromagnetic transmitted radiation suffers a mode
transformation from HE;; into a TE;; mode. Now, the receiver system we are designing besides
measuring the total receiver power of a signal at certain frequency, it is intended to analyze its
polarization as well. To be able to accomplish that, the TE;; mode supported by the circular
waveguide will be transformed into two orthogonal polarization channels TE;¢ and a TE,; using a
special waveguide transform [55] that ends in a waveguide with square profile as the one shown
in Figure 17. This transition is intended to be integrated in the final stage design of the OMT (see
next section).

Figure 18. 4 tyypical schematic of a circular to square waveguide transition using a ring loaded transition design.
The waveguide transform section serves to match the impedance transformer from the circular to the rectangular
waveguide. The TE;; mode is transformed (i.e. decomposed) into a TEy and TE; orthogonal components [55].
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2.7 Ortho-Modal Transducer (OMT)

In the mm and sub-mm spectral region, there are two main ways to separate the
polarization of a signal. One is the quasi optical system mostly used at sub-mm wavelengths that
uses a combination of mirrors and/or lenses, and a polarizer. The second way, applied for the mm
wavelengths, is by using a special waveguide device called Ortho-Modal Transducer (OMT). The
OMT is a waveguide passive component that separates the received astronomical signal into two
orthogonal linearly-polarized components. It has three physical ports. One square input
waveguide port which guides simultaneously the TE;p and TEy modes (coming from the
transition device discussed in the previous section) and two rectangular waveguide outputs that
guide these modes independently through (a standard WR-22) rectangular wave guide. Using
these two polarization channels that are amplified by independent amplification chains, one can
estimate the 4 Stokes parameters of the incoming signal [56].

An interesting OMT design is the one based on the dual junction in rectangular waveguide
introduced and described by Beifot [57]. This design is shown in Figure 18, where the
polarization modes TE ;¢ and TE, are filtered in the so called “Bwifot junction”. One polarization
goes through the main arm and leaves the device at port 2, while the power of the second
polarized signal is split in two and later on it is recombined at the power combiner part of the
device. Basically what this junction does is that the thin septum and pins work as “linear
polarizer” elements that filter out the unwanted signal component, “forcing” the signal to change
direction, and letting the other pass without changing its direction of propagation (i.e. the port
match its impedance). The main arm stepped transition and the side arms smooth taper designs,
helps to adapt their impedance to a WR.22 standard waveguide section and therefore minimize
the reflection losses.

Boifot Junction

SEPTUM

COMMON
ARM

PORT 1

|
PINS |
T,

Figure 19. A WR42 Boifot Junction OMT designed and constructed for an 18-26.5 GHz radio telescope of the
National Radio Astronomy Observatory (NRAO) [58). The diagram shows the principal components section and the
input and output ports. The overall dimensions of the device are 102 x 71 x 23 mm’.

A complete reference source related to the design of a Beifot junction OMTs can be found
in [59]. References related to the design of the OMT step transform section are found in [60], for
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the Right-Angle-Miter Bends in [61][62] and power combiner in [63]. The OMT will be designed
using Ansoft HFSS v11. It is important to mention that the main design objectives here, is to
match the different waveguides transition to obtain low reflections and cross polarization values
over the whole 31-45-GHz bandwidth.

Another interesting OMT design is the one developed by Asayama for the ALMA Band 4
and Band 8 receivers [64]. Figure 19 shows a schematic diagram of the device, which is based on
a “Dual-Ridge” polarization divider transition [65] that has replaced the pins and the septum of
the Boifot OMT and uses an E-plane split block power combiner waveguide circuit [66]. Figure
20 shows a real picture of such device, manufactured with a milling machine, using split-block
technique, before and after being assembled.

Dual Ridge junction

Figure 20. 4 schematic diagram of Asayama’s 125-163 GHz OMT showing its input and outputs ports (left figure).
The “Double-Ridge "transform geometrical details are also shown in the right part of the figure [64].

Figure 21. Asayama’s Band-4 125--16-GHz OMT showing the two CNC machined split blocks (left picture) and the
final assembled device (right picture) [64].

Finally, there is one more OMT design that could be useful for our purposes, this is the so
called “Turstille Junction Orthomodal Transducer* [64], which is shown in Figure 21. This OMT
has the main advantage, similar to the Dual-Ridge OMT design, of having no pins or septum to
be aligned. On the other hand, small misalignment errors on the 4-block sections could cause
resonances inside the device.
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Summarizing, there are 3 interesting OMT models that can be used for the design of our
31-45-GHz OMT and thereby be constructed using machined split block techniques. Probably
Asayama’s OMT model has the great advantage since it only consists only of two machine block
pieces that do not require any further integration and extra alignment effort as when using pins
and a septum for the case of the Boifot OMT design, or high alignment tolerance as in the
turnstile OMT case.

Pol1 gt Turnstile @
~—* |unction

Figure 22. The “turnstille OMT” design (left) and a picture of a CNC-machined 4-section split blocks OMT,
constructed for the CARMA 200-270 GHZ radio receiver before being assembled (rigth) [64].

2.8 Manufacturing Techniques

This section discusses in brief the materials needed to construct the devices and the
techniques needed to accomplish such processes.

2.8.1 Choice of Material

It is important to take into account the type of material that is going to be used when
manufacturing the components. For the lens, the best likeable choice of dielectric would be
Nylon, High Density Polyethylene HDPE, and Teflon, which are all very strong materials and
suitable to be used as vacuum windows. HDPE is the best choice due to its high refractive index
(i.e. the thickness of the lens will be low) and low attenuation losses (generate low intrinsic
noise).

When thinking about the horn and the total length of the OMT’s internal waveguides,
aluminum and copper are good candidates since, relatively, they are not expensive materials and
are easy to machine. In addition, copper waveguides can be gold plated to decrease the losses and
extend their lifetime since it will avoid rusting on the surface of the waveguide.
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2.8.2 CNC Machine

To manufacture high demanding millimeter geometrical structures, such as the OMT split
blocks, or to polish and create the antireflection coating groves needed for the dielectric lens, our
institution has purchased a high-precision CNC micro-milling machine from KERN Corporation
[68]. Such machine, shown in Fig. 31, has the following features:

Position accuracy: <=+ lpum
Position Scatter: <+ lum

Milling speed: 4000 rpm

Number of axes: 5 independent axes

Figure 23. The KERN high-precision Micro-Milli
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Chapter 3

Quasioptic Lens Design and Construction

The aim of this chapter is to provide information about the different aspects that involve the
design, optimization and construction of a suitable optical system for the 31-to-45 GHz receiver
that will be part of the prototype receiver for Band 1 of ALMA. Four optical layouts will be
presented in this chapter section of the thesis. (1) A single HDPE lens that also acts as vacuum
window — this is the original configuration [69]. (2) Two lenses forming a Gaussian beam
telescope where the first lens is cooled. Finally and finally (3)(4) a single room temperature lens
made of Quartz and other of Silicon lens, but using a common separate thinner vacuum quartz
window, giving more freedom to the choice of material for the lens. In each scenario, the feed is
represented as an optimum gain horn and first-order Gaussian beam analysis, i.e. Quasioptical,
has been used to model the system. FEach system is optimized for frequency independent
illumination of the secondary and aperture efficiency, and then put into context through a
comparison of the predicted receiver noise. Focus efficiency has been placed at a lower priority
since it is assumed that the secondary can be refocused. All the theory presented here, unless
mentioned otherwise, refers to [70].

3.1 Introduction

Quasioptic deals with the propagation of a beam of radiation that is reasonably well
collimated but has relatively small dimensions when measured in wavelengths, transverse to the
axis of propagation. The wavelength is proportional to the size of the object, meaning that there
will be a focus with a waist instead of a point. It works over a sufficiently wide bandwidth where
the so called “beam-waist radius” varies appreciably as a function of the distance. This theory is
widely useful when designing mm and sub-mm wave components and systems and it takes care
of the loss of power due to diffraction.

Ray optics use geometrical optics (i.e. straight lines) formulation when describing the
propagation of the radiation beam. The wavelength is very small comparing to the size of the lens
or other components and its focus is a point. Only one single frequency at the time is used when
working with this theory and cannot explain diffraction phenomena. In contrast, Wave optics
theory uses Maxwell Equations to solve the wave propagation of the radiation in very complex
optical systems. Quasioptics come in between these two limiting cases. This allows the theory of
the Gaussian beam modes and Gaussian beam propagation to be used.
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When using Quasioptics to design the optical system for Band 1, one has to take into account
the main specifications for this band [71]. They are summarized in Table 9.

Table 9. ALMA Band-1 optical system specifications (yields for all frequencies).

Parameter: Specification:
Reflections: <-20dB
Total Noise contribution < 9K
Total optical efficiency loss <99%
Bandwidth =31-45 GHz
[llumination efficiency at = 12.3dB
Subreflector

3.2 Quasioptical Theory

The theory behind Quasioptical Gaussian beams can be imagined as a beam essentially
moving in the direction parallel to the propagation axis z (called paraxial beam) with a width that
is not very large compared to the size of the propagating wavelength of radiation. This EM-field
propagating in free space is described by Helmholtz-equation

Ay +k*y =0 5)
Where:
k=2r/A

If this beam is collimated (i.e. not too divergent), most of its EM-field phase will only have a z
dependence. Thus the wave-function solution of Equation (5) can be written as:

y(x.7.2) = Ax.,2)e ) ©)
Combining Equation (5) and (6), then:
2 2 2
6A+8A+8A_2ik8_A=0 @)
ot oyt oz’ 0z
For a “ray”, the function A(x,y,z) is not changing with z. This means:
2

o4_o4_, @®)
0z g2
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But, In the Gaussian beam approximation, it can be assumed that:

2
a—A;«tO and a—AEO 9)

Oz oz 2

This approximation is valid if:

2
6_A {« ‘Zika—A
6x2 1574

(10)

Thus, when combining these approximations with Equation (7), the result will be:

2 2
T4 T4 iy (11)

oyt 0z

The solution to the above equation can be either expressed as a Gauss-Hermite function in
Cartesian coordinates, or as a Gauss-Laguerre function in cylindrical coordinates. In Figure 27,
the two lowest axially symmetric Gauss-Laguerre beam modes are shown. In cylindrical
coordinates, taking into account only the lowest order mode solution [72], the solution is of the

type:

w(x,y,z2)=y ie_irz/wz (Z)e—ikZ—im”2//1R(z)+i¢(z)

E 12)

where:

¥y = 1is the field amplitude
wy = 1s the 1/e radius where the beam has its minimum waist
z =1is the distance from the position of the minimum beam waist

r = is the radial distance from the beam z axis (r* = x* + y%)
A = the propagated-beam wavelength

The different expressions in Equation (12) can be decomposed into several factors which can be
interpreted as follows:

w
0

w(z) yields the power conservation

it W) | o
e — gives the Gaussian shape of the field distribution

—ik
e’ - plane wave phase factor
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.2
—inr°/AR(z
e / ) — is a parabolic phase factor

+ig(z2) . )
e — is the phase slip parameter

The other parameters appearing in Equation (12), w(z), R(z), and [1(z), which define the principal
characteristics and the shape of a symmetric fundamental Gaussian beam, are called the Gaussian
beam parameters. Figure 24 illustrate the definition of such parameters.

The beam radius w(z), of a Gaussian Beam is defined as:

2
w?(z)=we| 1+ [LﬁJ (13)
W,

0

Its radius of curvature R(z), is given by:

2
w

R(z)=z|1+ T; (14)

Finally, the phase shift of a Gaussian beam [1(z), is denoted:

#(z) = arctan[/l—zzJ s)
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Figure 24. The Quasioptical concepts of beam waist wy, beam radius w and radius of curvature R are illustrated at
the left part of the figure. The electrical field cross-sections distribution as a function of z and the beam radius is
shown at the right part of the figure.
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The Rayleigh range or confocal distance defines the borderline between the near and the
far field regions. For example, when z << z. the Gaussian beam is collimated. Otherwise, when
z>> z., the beam is divergent. This is defined as:

2
bl
Ze=— " (then — w(z) =2 - w,) (16)
When w(z) - o, Equation (13) can be rewritten as the far-field divergence angle 0.
g M2 _ 4 17)
0 z W,

The meaning of this function is illustrated in Figure 25.
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ZfZ.D

Near-Field  Far-Field
Region Region

Figure 25. Quasioptical divergence angle 6, plot. When z — o, then the beam radius start to grow linearly. The Far
(i.e. Fresnel Region) and Near Field (i.e. Fraunhofer Region) regions and theirs boundary limit z,, the Rayleigh
range are also shown in the diagram. Adapted from reference [34].

Another important parameter is the relative power density distribution of a Gaussian
fundamental mode which relates the losses of this EM-field distribution mode when passing
through a circular aperture and part of its energy is beam truncated due to diffraction losses. It is
defined as:

2
P _ ool —of 7
P(0) =exp 2[ W(Z)J (18)

In Figure 26, the relative power density equation is being plotted as a function of different beam
radius dimension related to the aperture size.
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Figure 26. Fraction Pt/Pi of incident power Pi of a Gaussian beam transmitted through a circular aperture with
radius a. For example to minimize the diffraction losses below the 0.1% limit, then the aperture dimension should be
at least two times bigger than the beam radius at the aperture location.
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Figure 27. Two-dimensional normalized distribution of an axially symmetric Gauss-Laguerre Beam Mode. The
fundamental electrical mode is described by the E, plot While the Second order mode corresponds to the E, plot.
Both the Ey and the E; Gaussian Beam Modes can be generated, for an example, by a corrugated conical horn. Thus,
the fundamental mode generates about 98% of the total power irradiated by the horn while the second together with
all the other higher order mode irradiate the remaining 2% [70].

Sometimes, in a Quasioptical system it is also important to calculate the coupling
efficiency when two beams from different launchers interact. For the Band 1 optical system, this
efficiency can be viewed as when the beam coming from the Cassegrian telescope focus is
interacting with the beam generated by the horn together with some tertiary optical system (see
Figure 28).
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Figure 28. Coupling diagram between two Gaussian beams.

The coupling between the horn-optics and the antenna beams at a certain location along
the optical axis will give the fraction of power transmitted from the first beam to the second one.
The coupling is given by:

K, = ‘Clz‘z (19)

where:
00 00 0 27

Co =(wilva)= | [vi(y)-wi (e y)dxdy = [ [, (r,0)- w5 (r.0)drde (20
—o—o0 00

In general, for two interacting Gaussian beams the coupling efficiency between then is given by:

4

2 2 Q1)
Woo  Woi TWo1Wo2

3.2.1 Focusing of Gaussian Beams (Thin Lens)

K, =

A thin lens acts as a phase transformer. The radius of curvature of the incoming beam R;
is related to the radius of curvature of the outgoing beam R, by

- T 2 2
Ry J’ife IR,

e (22)
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where:
f=1s the focal length of the lens

Hence, the thin lens equation will be given by:

1 1 1
T = (23)
R R, f
f
Yor T I Wo2

d, | d; ‘

Figure 29. The Gaussian beam geometry refocused by a lens.

The sign of the radius of curvature is positive for a diverging beam when looking in the
direction of propagation. Therefore, from the geometry of Figure 29, it follows that:

2 2
R1:R1(d1):d1 1+£Z,Cl) R2:R1(_d2):_d2 1+£%) (24)
1 2

Not only does the phase of the beam need to be continuous at the lens but the beam radii must be
equal at the lens:

Wl(dl): Wz(dz) (25)

Or in other words:

(26)

If now Equation (23) and (24) are combined:
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1 1

1
>t 2 T,
f 27)
d{l 4+ Zel ] dz[l + 262)
dl d2

Rearranging this equations its follows that:

d \ (z,Y) 5
1 + cl
) )

7, =" (29)

(30)

3.2.2 Gaussian Beam Telescope

The Gaussian beam telescope is a very useful optical system based on two lenses that if the
input, intermediate, and output beam waists are located at the focal distance of the lenses as
shown in Figure 30, then, the resulting input and output beam waist becomes frequency
independent. Using Equation (28) and (30), the resulting relationship between wy;, wys, f1, and f>

will be the following:

dzzf
d=f=3y,6 _ M 31)

02
TWy,

and:
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Figure 30. The Gaussian Beam Telescope. For this lens configuration, both, the input and the output beam waists
are frequency independent. This will means that the resulting output beam waist will only depends on the input beam
waist size and the lenses focal length magnitudes.

3.2.3 Thick Lens Corrections

Since a thin lens is practically impossible to construct, due to most of the dielectric
materials (e.g. plastic materials) at mm wavelengths have low refractive index, and the size of the
beam radius is closer to the sizes of the lens radius, a thicker lens that matches the wave-front
phase of the incoming beam, is need it to be implemented. Such kind of lens that preserves the
phase of the propagating beam is the hyperbolic lens surface. Another advantage of such lens is
that it will be thinner (i.e.it will generate less noise). Other lenses with different surface designs,
such as the spherical and the parabolic, will be thicker, and then, generate more unwanted noise.

In Figure 31 it is presented the geometry used to derive the hyperbolic lens profile. Here, it
is required that the phase for the two ray paths F-P and F-Q, will be the same. In other words:

ko f +nkot(r)= ko\/[f +1(r)f +7? 33)

where:

t(r) = is the lens thickness that depends on the lens radius
n = the refraction index of the lens material.

r = the lens radius

f = the focal distance of the lens

ko = the wave number of the ray.
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If Equation (33) is rewritten, then the hyperbolic function that describes the surface thickness of
the lens with a given refractive index n, greater than 1 is:

f n+l(r

1+ —| -1
n+1 n—1{ f (34)

Liyp (’”) =

Figure 31. The geometry and the parameters needed to design the shape of a hyperbolic lens.

Or instead, equation (33) can also be expressed in term of the lens radius 7:

r=y=Dp,,’ +2f(n=1y,, (35)

The lens thickness will be an essential parameter that it will be used to estimate the total noise
contribution of such optical device (see section 3.2.1).

3.2.4 Gaussian Beam Launchers

The most efficient way to convert a waveguide transmitted signal into a Gaussian beam that
propagates in free-space, and vice versa, is the use of a converter device called corrugated horn.
Its launching efficiency is of about 98% and offers a wide bandwidth and low cross-polar
performances [73].

39



Wave Front at
Aperture

W
yLend
o Elkan ///'\
j—i/ Rh

L Beam Waist \

Beam Radius
w

1

\

~~~~ Waist :
1

1

NU%{

Feed Horn

Aperture Radius
a

Waist Gaussian Beam
Offset

Figure 32. A feed horn launching a Gaussian Beam and its designing parameters. Adapted from reference [70].

An optimal conical corrugated horn will generated a symmetrical E and H radiated field.
The beam waist at the horn aperture w and its corresponding radius of curvature R can be
approach as:

w=0.644a (36)
R= Rh (37)
where:

a = the horn aperture radius
R; = horn Slant length (see Figure 32)

Putting these values in Equation (13) and (14) and rearranging them, the beam-waist size
wyp and the beam-waist position z, inside the horn can be retrieved:

. 0.644a a8
0 5 2
1+[7z(0.644a) /ARJ
R
z= h (39)

2

1+ (mh / 7[(0.64401)2)

3.2.5 Complex Beam parameter and Ray Matrices
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The design of a complete Quasioptical system can be carried out easily and faster with the
help of the ABCD transfer matrix formalism [74] and the MATLAB numerical programming
language [75]. An input ray will that is passing through an optical element, will be transformed
by means of a geometrical optic linear transformation into an output ray according to:

Ty = A1, +B-1; (40)
r(;ut = C.rin +D.r

in

In Matrix formalism, this can be rewritten as:
rout A B f’m
= 0 (41)
rout ¢ D Vin

where the A, B, C, and D constants, for the 2x2 ray Matrix, are given by :

A=or,,[or,
B=ar,,/or,
c=ar,,/on,
D=ar,[or,

There is a similarity between the complex Gaussian bean parameter g and the radius of curvature
R of geometrical optic. The late is defined as:

A, tBor, _A-R,+B

_ position T,
C-R,+D

out

R

(42)

out

slope 1, C-r,+D-r,

Now, extending this formalism into a Gaussian beam transformation we have:

A-g. +B
Qo = S Ul (43)
C ' Qin + D

where g, is defined as a function of the confocal distance (equation (16)):
Qin = ch

From this value, the complete set of parameters describing a Gaussian beam, just as the beam
radius, w, and radius of curvature, R, can be retrieved:

41



ﬂ 0.5
Mh_{ﬂlnﬁﬂq)} “44)

ol

Figure 33. Distance L in uniform propagating medium.

One of the simplest Matrix that can be derived, for example, is an optic element with a distance L
that travels a uniform medium with an index of refraction n (see Figure 33 for the geometry):

Fow = A1, + B 1, =1, + L[n-r, (46)

+D-r, =0+,

in

r,=C-r,

in

This transformed into a Matrix gives:
A B 1 L/n
= (47)
C D 0 1

A second, a very useful example, will be a curved interface element from a medium with
refractive index n; to another with n; (see Figure 34):

ny Ny

Figure 34. Curved interface with n; < n;.

From the drawing in Figure 35 and using the Snell law [74]:

42



n -0, =n,-0,=>n-(a,+a,)=n, (a, +a,) (48)

And since:

Ay =0y = (49)

Tin
R

Then, combining Equation (48) and (49):

v, v, n, —n n -a
nlay+—|=n |y t—|=>ay =1," 2 L (50)
R R n, R n,

Comparing the previous results with the general input-output geometrical linear transformation of
the type:

T = A7, + Bo1, =13,
o = Coty # Dory = | 2 g 2Ly (51)
n, R n,
The resulting linear Matrix element of a curved surface will be:
4 B 1 0
=\nL-n n (52)
¢ D n,-R n,

If a thick lens ABCD transfer matrix needs to be found, the linear combination of the following
tree matrices will give the resulting optical element:

M =M, -M,-M, (53)

thick—lens
where:

M, =curved interface from refractive index n; to, n, with radius of curvature R;
M, =distance d in an uniform medium with refractive index n,
M, = curved interface from refractive index n; to ny, with radius of curvature R,
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Figure 35. The thick lens geometry showing its main designing matrix parameter.

Putting everything together then, the final lens ABCD Matrix will be:

1 Olr «
M=|n-n, n,| :
nR, n 01

Where:

L_u.(L_LJ
f m R, R

1 0
h—m n =
n, R, n -

(n, —n,)d dn,
n,R, n,
4
i_d(nz_nl)z +(n1_n2)d 9
mn,R R, n,R,
(55)

In Table 10, below, a summary of the most important ray Matrices that will be
useful in this thesis are listed.

Table 10. Matrix Formalism of Some Basic Optical Elements [70].

Matrix Element

Matrix Formalism

Comments

Translation

Refraction

Mirror

._
-3 |t~

L = the distance traveled in medium
with index of refraction n

R = surface radius of curvature
+R for a convex surface
-R for a concave surface

n; = air refraction index

n, = materials refraction index

R = mirror radius of curvature
+R for a convex surface
-R for a concave surface
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Thin L 1 0 1 n, —n 1 1
in Lens 1 —= | —-—
2y (56) roa &, g
_‘f
+f for a concave surface
-f for a convex surface
d = Lens thickness
Thick Lens (ny = ny)d dn, R;, R, and ny, n, are index of refractions
I+ - respective radius of curvatures
R, , i according to Figure 35
1 d»n,-n) (n, —ny)d f = see its Thin Lens definition
- 1+
f nn,R R, nyR,

3.2.6 Dielectric Materials Properties

The dielectric constant of an optical material is the complex vectorial sum of one real and
another imaginary term given by [74]:

e=¢g—-je" (57)
where:

¢’ =real part of the dielectric constant
¢'"= imaginary part; loss factor

If a plane wave of radiation with a initial power equals to P;, with a wavelength equal to
Ao 1s passing through a dielectric slab with a thickness ¢, then the loss of power due to the loss
factor of the dielectric will be:

P =P exp™™ (58)

out in

where:

27 tan o
aQ=—-

59
P (39)
0
and the tangent loss of the material is:
tans = = (60)

Equation (59) will be very useful when estimating the total loss of power in form of contributed
added noise to different simulated optical systems that will be discussed in the next section.
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3.2.7 Quasioptical treatment of Cassegrain Antennas

There are a number of important concepts that briefly resume and cover the principal
aspects of the Cassegrian antenna theory [76] where Gaussian optics and classical optic treatment
are combined according to [77]. The radiation pattern indicates the variations of the antenna gain
with direction. It is usually represented graphically for the far field conditions, where the
radiation angular field distribution is essentially independent of the distance from the source, in
either horizontal or vertical plane. In Figure 36, the radiation pattern of a circular aperture or
reflector directional antenna is schematically shown. For the case of the ALMA Cassegrain
antennas, due to its large main-dish diameter, most of its radiated power is concentrated along the
main lobe, and it is this part of the antenna radiation that is been concentrated in the subreflector
and then coupled into the receivers. This also simplifies the Quasioptical analysis since it will be

treated as on-axis optical system making the off-axis feed aberrations in ALMA Cassegrain
Antennas very small as it will be discussed in the next section.

1Pl
0dB — _
! i Main Beam
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{ \
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| |
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! |
|
Minor Side Lobes II I|| /
3\ I
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Figure 36. Typical antenna radiation pattern for a circular reflector antenna of diameter D showing the
corresponding main and side lobes.

The angle between the directions at which the main-lobe antenna gain falls to half of its

maximum is called The Half Power Beam Width (denoted HPBW). This angle is given
approximately by:

A
93(13 = 755 [degrees]

(61)

Where:
D = antenna diameter [m]
A = the wavelength of the signal being observed [m]

The directivity of such antenna is a figure of merit that measures the total power density
that the antenna radiates in the direction of its strongest emission, compared with the same total

power density radiated by an ideal isotropic radiator |78]. Mathematically, the equation for the
antenna directivity is given by:
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1

D=— (62)
= [ J|F(6,4)? sinadadg
4 00

where:

F(6,$) = normalized radiation pattern as a function in spherical coordinates.

Now, there is one particular parameter that is very close to the directivity and it is the gain
of an antenna. This is defined as the directivity of the antennas multiplied by the antenna
efficiency. The gain is maximal in the direction of maximal radiation. It is expressed according to
the following equation:

G=FO.¢h, (63)

where:
na= antenna total efficiency.

The antenna efficiency is defined as the ratio between the effective area of the antenna
and the geometrical one (i.e. the real reflector area of the main dish antenna). The effective area
is the total area of the dish antenna that is really been used when the radiation is coupled into the
antenna feed. This value is always less than unity and for our Cassegrian antenna its efficiency
will depends on several terms as it is stated in:

n,=namnnann (64)
where

n ; = illumination efficiency of the aperture by the feed function

n s = spillover efficiency of the feed and subreflector

n » = blocking efficiency due to quadripod, subreflector, other obstruction.
1 » = polarization efficiency of the feed-reflector combination

n r= focus error efficiency (both lateral and axial defocus)

n . = surface error efficiency (“Ruze loss”), also called scattering efficiency
n , = radiation efficiency of the reflector surface (ohmic loss)

In general, the principal causes of the gain degradation in a symmetrical Cassegrain
antenna will be determinated by its illumination efficiency, #;, the spillover efficiency, 7, and the
blocking efficiency, #,. The illumination efficiency express the power loss of a signal due to a
field across the secondary which have not uniform amplitude and not being in phase over it. The
spillover efficiency is the fraction of the total power that radiated by the tertiary optics that is
being intercepted and collimated by the subreflector dish. On the other hand, the blockage
efficiency represents the reduction in the aperture efficiency due to the subreflector central
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obstruction. These 3 efficiencies can be estimated according to the antenna diagram appearing in
Figure 37 and the following equations:

207! [1 ~ exp(—a)]2

;= 1—exp(—2a) (63)
77S =1-exp(—2a) (66)
5 2
exp(-20) - expl(-a) |
n = (67)
’ [1-exp(-2a)

where o and fj, are the edge tapper and the blockage region given by:

o= (rs Jw jz (68)
f,=n/r, (69)

r, = antenna main dish radius.
7, = antenna subreflector radius.
w, = radiation beam radius over the subreflector

Aperture
Plane
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Figure 37. On axis Cassegrain antenna system been illuminated by a Gaussian Beam radiation field pattern. This
figure shows also the effect of edge truncation and central blockage of such radiation field due to the central
blockage region of the antenna subreflector. Adapted from reference [70].
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Now, from the other 4 remaining efficiencies, probably the polarization efficiency #, and
the focus efficiency 7, are the most important to be studied in our case since both efficiency
factors will deteriorate the quality of our experimental horn-lens radiation pattern measurements
that will be discussed in chapter 4 The polarization efficiency is the factor expressing the loss of
power signal over its cross-polar component, while the focus efficiency factor denotes the signal
power loss due to radial or axial focus errors of the tertiary optics relative to the subreflector.
Finally, both the “Ruze loss™ [79] and the “Ohmic loss” can be neglected, i.e. both efficiencies set
to be equal to 1. For the case of the Ruze loss this approximation is valid since the wavelengths in
question for the Band-1 receiver are too large comparing with how the lens surface accuracy can
be manufactured with today’s CNC machines. For case of the Ohmic loss, this factor can only be
estimated once the whole receiver-band is installed in the Cassegrain antenna.

ALMA Total Antenna Efficiency as a function of the Edge Tapper
1 ‘ ‘ ‘ : .
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o
T

Edge Tapper = 10.82 dB
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— Aperture efficiency
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Figure 38. Total antenna efficiency for the ALMA antennas. The efficiencies in this picture were estimated using the
values summarized in Table 3. Here f, = 0.0625 and the “blocked” illumination efficiency is the product between
illumination efficiency n;and the blockage efficiency .

In Figure 38 one can observe how the 3 main efficiencies simulated for the 12m ALMA
Cassegrain antenna, with a blockage f; of 0.0625, will have their maximum antenna efficiency of
0.8034 when its edge tapper is 10.82 dB.

3.2.8 Off-axis Feed Aberrations in Cassegrain Antennas

Since the position of all ALMA receivers, inside the cryostat, are located around the
central axis of the Cassegrain antenna, optical aberrations will be introduced and it will degrade
the antenna performance. This loss of antenna efficiency due to lateral receiver band
displacement will be reduced since the center of the subreflector can be re-pointed towards the
center of the receiver feed horn making its field amplitude symmetric to a first-order
approximation [70].
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According to [80], the total antenna efficiency loss due to the receiver bands off-axis
displacement was estimated using classical optical aberration theory [81]. This model used the so
called Seidel function which takes into account four aberration terms, namely, astigmatism,
curvature, distortion, and coma, and treated the 12-meter ALMA Cassegrain Antenna as an
equivalent prime focus telescope using the input parameters f, D, M and F that are stated in Table
3, section 1.1.5. It was shown then, that terms of curvature and distortion vanished and that the
total antenna efficiency loss was much less than 1 % once the subreflector optical axis was re-
pointed towards the center of the Band-1 feed Horn and placing the position of the same on the
Petzval surface [77] .

Hereby in this document, it will be assumed in this work that the antenna efficiency loss
due to astigmatism, curvature, distortion and coma are negligible and will not be further
discussed or take into account when analyzing the experimental measurement results that will be
presented in the next sections. However, it will be of interest to estimate how much the antenna
subreflector needs to be adjusted when, for example, the subreflector is been tilted to illuminate
the center of the Band-1 receiver horn and find the best axial focus to optimize the antenna
efficiency. This can be done using the well known Cassegrain antenna magnification M and focal
shift AS equations given by:

fe _tan(¢v)_i_e+1

(70)

/ - tan(¢ ) - L el

where (see Figure 39 for details):

f .= antenna effective focal length
fm = antenna main dish focal length
1, = half angle subtended by the primary
1, = half angle subtended by the secondary
L, = back focal distance
L, = distance between main dish foci and the secondary apex
e = eccentricity of the hyperbola

The focal shift is defined as [70]:
- 2
AS=-M*“§ (71)

where:

0 = is the subreflector displacement
M =20
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Figure 39. The geometry and the most relevant parameters for the calculation of the magnification M and the focal
shift AS of a Cassegrain Antenna. Adapted from reference [70].

Observe that if the secondary focus needs to be known, then from the regular diverging
lens convention, its focus f; is given by:

11
f L L (72)

N r

3.3 Optical System Design Examples and Their Noise Estimation

First, in this section, we will present the detailed position of the ALMA Band-1 receiver
with respect to the ALMA cryostat, the subreflector, and the free space that remains between the
top plate of the cryostat and the ALMA Calibration Device (ACD) that it will set the constraints
of how the Band-1 optical system can be designed and located. As it is discussed in [82], this
optical system will need a refocusing element between the horn and the subreflector that will
makes the launched beam-waist size inside the feed horn small enough, so the size of the horn
becomes not too large and thereby be placed together with the other receiver elements (such as
the OMT and the HEMT amplifier) on top of the 14-K receiver shield.

Secondly, in the next part of this section, four different optical layout candidates for the
ALMA Bandl receiver will be presented. They use one or two dialectical lenses, and sometimes
a vacuum window. In each one of the cases, the system will be optimizing by illuminating the
radiation at the subreflector with 12.3 dB of edge tapper at all frequencies [70] and, then, the best
optical system will be selected according to the lowest estimated total noise contribution to the
receiver. Observe that a couple of mirrors could also be used to refocus the beam into the
receiver, but since the used wavelengths in question are large (large beam waist diameter requires
large mirrors) and the space to place the optics without blocking the other bands is very limited,
then the preferred solution for this particular optical system design is the use of lenses as
refocusing elements.
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3.3.1 Optical Dimensions between Receiver and Subreflector

The receiver and the subreflector locations and dimensions of the different optical
parameters used to design this band are presented in this section. Those values are of importance
when estimating the truncation losses and the edge tapper of the receiving signal when using
Quasioptical beam analysis. In Table 11 are summarized the most relevant optical parameters that
it were used in all our different simulations [70][83].

Table 11. Band 1 updated optical dimensions (Dewar = Cryostat)

PARAMETER VALUE Sub. Rim
Distance dewar top center to subreflector rim center 5.99380 m
SubReflector
Distance dewar top center to subreflector apex 5.88287 m
__—— Antenna
Dewar-top total diameter 0.97 m Optical Axis
Angle horn to subreflector apex 2.48 deg.
Optimal horn z-distance to dewar top 93 mm
Optimal horn x,y-distance to dewar center 263.6 mm
15 K and 110 K stage z-distance to dewar top 83 mm, 51 mm T Calibration
Lens T Device
15 K and 110 K stage clearance aperture diameter 40 mm, 60 mm
IR
Dewar-top hole clearance diameter 110 mm Filters | 110 K Shield
. 15 K Shield
Dewar-top and ACD distance 300 mm Horn
Cryostat

3.3.2 Feed Horn with or without optical arrangement

The requirements on the beam waist will determinate the size of the horn and it is feasible
to be used in our Bandd]1 receiver. As it was stated in section 1.1.6, the dimensions of the Band-1
receiver cartridge will determinate the maximum size of the horn that can be placed on top of the
15K Shield plate (this will also house the OMT and the HEMT-LNA). Thus, the first case that
can be analyzed is when the subreflector focus its placed inside the receiver horn aperture without
using any tertiary optics as a refocusing elements. This means that the standard Cassegrain
antenna focus position of 5.6670 m, measured from the subreflector (Table 3), will be placed at
6.060 m. The difference between this two focus positions is of 0.393 m which means that
according to Equation (71), the change of focus will require an axial subreflector displacement,
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towards the Band-1 receiver, equal to approximately 1 mm. Now, using the following input
parameters:

w=w =0.315Im (subreflector Tapper efficiency - 12.3 dB)
N

R=f =6.060m (distance subreflector - horn aperture) (73)
N

Aser. = 0.008 m (center frequency wavelength)

and rearranging the beam-radius Equation (13), we get the beam-waist:

w

e

Now, to estimate the aperture size and the length of this horn, a good estimation it will be given
by the optimum gain horn approach [76]:

w

—=0.0478m (74)
)

w2w,

= r  =2x0.0468/0.6436 = 0.105m (75)
dh =W/0.6436 horn
zZ, = ﬂwé//l 5
o = 1 =27x0.0468°/0.008 =1.816m (76)
horn c

As it was showed in the previous calculations, this is clearly a very impractical example
since the horn length is much larger than the length and diameter of the Band-1 cartridge (0.47 m
x 0.17 m). Thus, the use of refocusing elements is needed to minimize the size of the beam-waist
at the horn aperture, which it will also minimize the horn length. For this second case, the
original focus position of the Cassegrain antenna will be kept (e.g. sub-focus = 5.6670 m) and
performing the same calculation as in the first case:

w=w =0.3151m (subreflector Tapper efficiency - 12.3 dB)
S

R=f =5.6670m (distance subreflector - rim to subreflector original focus) 77
N

Aseer, =0.008 m (center frequency wavelength)

Using the beam-waist equation:
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w
w = s =0.0447 m (78)

i) T

and applying this beam waist size to the thin-lens Equation (28) and (30) from section 3.2.1, with
the following assumptions:

d,=d, =d ,

d=0393/2=f o = A _008x0.1965 0 (79)
o1 mw 7x0.0447

WO = w02 =0.0447 02

The estimation of the horn aperture size and its length are given by:

w= \/Ewm
= 1 =+2x0.011/0.6436= 0.0243m (80)
d =w/0.6436 hom
2= mwi/A :
= 1 =27x0.011%/0.008 =0.097 m
lh =2z horn (81)

In conclusion, the use of a thin lens with a focal length equal to 0.1965 m, placed at the
same distance between the position of the Cassegrain focus and the horn aperture, it will give a
horn with a length of about 0.1 m with an aperture diameter less than 0.05 m. This is a good
starting point when designing our optical setup arrangement for the Band-1 receiver.

3.3.3 Four Different Optical System Design Examples

Since in the 12-meters ALMA antennas there will not be moving optical parts, except for
the subreflector, the design of the all the ALMA bands optical setups must be frequency
independent (i.e. the illumination at the subreflector must approximately be constant for all
wavelengths) [77]. Thus the antenna efficiency will be maximized in our simulations when a 12.3
dB illumination edge taper is achieved at the subreflector at all frequencies. Once this is done, the
system that does have the lowest total optical noise will be selected. Furthermore, and from its
optimized result, the values of the lens focal distance, its separation from the horn, and the beam
radius of the propagating beam between the lens and the subreflector will be obtained. Finally,
the lens/lenses thickness can be derived using the bi-hyperbolic lens design formula (Equation
(34) and (35)).
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In all our models we are assuming that the center of subreflector is pointing to the center of the
receiver feed. In other words this means that we are working with an on—axis focused optical
system which minimized the optical aberrations discussed in section 3.2.3. To achieve consistent
Quasioptical simulation results, the assumed horn beam waist and its location were taken from
reference [83]. Those values are presented in Table 12.

Table 12. Beam waist size and location inside the horn that were assumed for the simulations.

Parameter: Frequency [GHz]
31 38 45

Horn waist (mm) 9.49 9.43 9.35

Horn phase center (mm) | 4.95 7.20 9.94

The details of the studied optical configuration layouts are the following:

A) Optical layout 1: In this configuration a single HDPE lens at 300 K was used. The lens
optimal simulation result gave us a diameter was of 20 cm and the total thickness was 5.72 cm.
The single lens used here acts also as a vacuum window.

B) Optical layout 2: Two HDPE lens system. A small one placed inside the cryostat 15 K stage
and the second one locate between the top of the Dewar and the ALMA calibrator device at 300
K.

C) Optical layout 3: As in the first optical layout, this system also uses a single lens at 300 K but
now we assume that this is made of quartz instead. A quartz vacuum window is also used at the

top of the Dewar.

D) Optical layout 3: Here, the quartz lens used in the previous layout was replaced with a silicon
lens design. It also has a quartz vacuum window at 300 K.
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3.3.3.1 Beam Ray-tracing, HDPE Lens System

The dielectric-material properties used in this optical arrangement and their optimized
input parameters, such as dimension, focal-length, and distances with respect to the horn location,
are summarized in Table 13. Figure 40 shows the final quasi-optical beam propagation, while in
Table 14, the estimated gain a noise performance of this simulated optical system is presented.

Table 13. Optical layout 1, simulation input Parameters.

Parameter: Value:

Lens Material HDPE

Refraction index n 1.5259

Loss tangent y 2.7267e-004

Focal length f 0.1740 m

Total lens thickness 0.0581 m

Lens radius 0.100 m

Distance horn-lens 0.1790 m

Distance horn-subreflector-top 5.9965 m

Distance horn-15K _dewar shield Top | 0.0100 m

Subreflector illumination Tapper: 31GHz = -12.3190 dB
38GHz = -12.3317 dB
45GHz = -12.3576 dB

Quasi-Optical Beam Propagation HDPE Single Lens
0.4
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Figure 40. Resulting horn-subreflector Gaussian beam propagation trough a HDPE Lens and IR-Filters.
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Table 14. Total gain and noise contribution of one HDPE Lens and IR-Filters

Component Cumulative Component Cumulative
Component Gain [dB] Gain [dB] Noise [K] Noise [K]
Description:

31GHz 38GHz 45GHz | 31GHz 38GHz 45GHz | 31GHz 38GHz 45GHz | 31GHz 38GHz 45GHz
Lens (Dielect. Loss) 0.984 0.981 0.978 0.984 0.981 0.977 4.681 5.729 6.797 4.681 5.729 6.797
Lens (Reflect. Loss) 0.990 0.990 0.990 0975 0971 0.968 2.050 2.050 2.050 6.763 7.819 8.894
Lens (Truncat. Loss) 0.996 0.999 1.000 0971 0.971 0.968 0.833 0.081 0.006 7.618 7.902 8.900
CryoTop Aper. (Trunc.) | 0.996 0.999 0.999 0.967 0.970 0.968 0.819 0.108 0.014 8.461 8.014 8915
110K-filter (Diel. Loss) 0.998 0.997 0.996 0.964 0.967 0.964 0.274 0.335 0.397 8.745 8359 9.326
110K-filter (Refl. Loss) 0.997 0.997 0.997 0.961 0.964 0.961 0.498 0.498 0.498 9.262 8.874 9.842
110K-filter (Trun. Loss) | 0.997 0.999 0.999 0.958 0.964 0.961 0.481 0.126 0.042 9.763 9.005 9.886
15K-filter (Diel. Loss) 0.999 0.999 0.999 0.958 0.963 0.960 0.007 0.009 0.010 9.770 9.014 9.897
15K-filter (Refl. Loss) 0.997 0.997 0.997 0.955 0.960 0.957 0.198 0.198 0.198 9.976 9.219 10.103
15K-filter (Trun. Loss) 0.999 0.999 0.999 0.954 0.959 0.957 0.055 0.043 0.037 10.034 9.264 10.142

3.3.3.2 Beam Ray-tracing, HDPE Gaussian Telescope System

The dielectric-material properties used in this optical arrangement and their optimized
input parameters, such as dimensions, focal-lengths, and distances with respect to the horn
location, are summarized in Table 15. Figure 41 shows the final quasi-optical beam propagation,
while in Table 16, the estimated gain a noise performance of this simulated optical system is
presented.

Table 15. Optical layout 2, simulation input Parameters.

Parameter: Value:

Lens Material HDPE

Refraction index n 1.5259

Loss tangent y 2.7267e-004

Focal length Lensl1, f1 0.0382 m

Focal length Lens2, £2 0.1778 m

Total Lens1 thickness 0.0373 m

Total Lens2 thickness 0.0577 m

Lensl radius 0.0382 m

Lens2 radius 0.100 m

Distance horn-lensl 0.0682 m

Distance horn-lens2 0.2618 m

Distance horn-subreflector-top 6.0615 m

Distance horn-15K_dewar_shield Top | 0.08 m

Subreflector illumination Tapper: 31GHz = -12.1791
38GHz= -12.3584
45GHz = -12.4855
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Figure 41. Resulting horn-subreflector Gaussian beam propagation trough a couple of HDPE Lenses and IR-Filters.

Table 16. Total gain and noise contribution of two HDPE Lenses and Filters

Component Cumulative Component Cumulative
Component Gain [dB] Gain [dB] Noise [K] Noise [K]
Description:

31GHz 38GHz 45GHz | 31GHz 38GHz 45GHz | 31GHz 38GHz 45GHz | 31GHz 38GHz 45GHz
Lens2 (Dielect. Loss) 0.985 0.981 0.978 0.985 0.981 0.978 4.729 5.788 6.866 4729 5.788 6.866
Lens2 (Reflect. Loss) 0.990 0.990 0.990 0.975 0.971 0.969 2.050 2.050 2.050 6.811 7.877 8.963
Lens2 (Truncat. Loss) 0.966 0.977 0.983 0.942 0.949 0.951 6.979 4.632 3.491 13.972 12.646 12.569
CryoTop Aper. (Trunc.) | 1.000 1.000 1.000 0942 0.949 0.951 0.000 0.000 0.000 13.972 12.646 12.569
110K-filter (Diel. Loss) 0.998 0.997 0.996 0.939 0.946 0.948 0.274 0.335 0.397 14264 12.999 12.987
110K-filter (Refl. Loss) 0.997 0.997 0.997 0.936 0.943 0.945 0.498 0.498 0.498 14.794 13.525 13.513
110K-filter (Trun. Loss) | 1.000 1.000 1.000 0.936 0.943 0.945 0.000 0.000 0.000 14.794 13.525 13.513
15K-filter (Diel. Loss) 0.999 0.999 0.999 0.936 0.943 0.944 0.007 0.009 0.010 14.801 13.534 13.523
15K-filter (Refl. Loss) 0.997 0.997 0.997 0.933 0.939 0.941 0.198 0.198 0.198 15.013 13.744 13.733
15K-filter (Trun.Loss) 0.922 0972 0.990 0.860 0.913 0.932 4.847 1.778 0.628 20.209 15.636 14.399
Lens]1 (Dielect. Loss) 0.989 0.988 0.986 0.852 0.902 0918 0.152 0.187 0.221 20.386 15.840 14.637
Lens1 (Reflect. Loss) 0.990 0.990 0.990 0.843 0.893 0.909 0.150 0.150 0.150 20.563 16.006 14.800
Lens1 (Truncat. Loss) 0.966 0.977 0.983 0.815 0.873 0.894 0.511 0.339 0.255 21.168 16.386 15.081

3.3.3.3 Beam ray-tracing, Quartz Lens and Quartz Vacuum Window System

The dielectric-material properties used in this optical arrangement and their optimized
input parameters, such as dimensions, focal-lengths, and distances with respect to the horn
location, are summarized in Table 17. Figure 42 shows the final quasi-optical beam propagation,
while in Table 18, the estimated gain a noise performance of this simulated optical system is
presented.
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Table 17. Optical layout 3, simulation input Parameters.

Parameter: Value:

Lens and vacuum Window Material Quartz

Refraction index n 2.1056

Loss tangent y 4.5500e-004

Focal length f 0.1740 m

Total lens thickness 0.0326 m

Lens radius 0.1000 m

Vacuum Window diameter 0.110 m

Vacuum Window Thickness 6.5 mm

Distance horn-lens 0.1790 m

Distance horn-subreflector-top 5.9815 m

Distance horn-15K _dewar _shield Top | 0.0100 m

Subreflector illumination Tapper: 31GHz = -12.3190
38GHz = -12.3317
45GHz = -12.3576
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Figure 42. Resulting horn-subreflector Gaussian beam propagation trough one Quartz Lens, one quartz vacuum
window, and a couple of and IR-Filters.
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Table 18. Total gain and noise contribution of one Quartz Lens, a Vaccum Quartz Window, and Filters.

Component Cumulative Component Cumulative
Component Gain [dB] Gain [dB] Noise [K] Noise [K]
Description:

31GHz 38GHz 45GHz | 31GHz 38GHz 45GHz | 31GHz 38GHz 45GHz | 31GHz 38GHz 45GHz
Lens (Dielect. Loss) 0.998 0.998 0.997 0.998 0.998 0.997 0.601 0.735 0.871 0.601 0.735 0.871
Lens (Reflect. Loss) 0.990 0.990 0.990 0.988 0.988 0.987 3.000 3.000 3.000 3.608 3.743 3.880
Lens (Truncat. Loss) 0.996 0.999 1.000 0.984 0.987 0.987 1.219 0.118 0.009 4.841 3.8062 3.889
Vacuum Win. (Diel. Loss) 1.000 1.000 1.000 0.984 0.987 0.987 0.000 0.000 0.000 4.841 3.8062 3.889
Vacuum Win. (Refl. Loss) 0.997 0.997 0.997 0.981 0.984 0.984 0.648 0.648 0.648 5499 4519 4.546
Vacuum Win. (Trun. Loss) | 0.996 0.999 0.999 0.977 0.984 0.984 0.819 0.108 0.014 6.335 4.629 4.560
110K-filter (Diel. Loss) 0.998 0.997 0.996 0.975 0.981 0.980 0.274 0.335 0.397 6.616 4.970 4.964
110K-filter (Refl. Loss) 0.997 0.997 0.997 0971 0977 0.977 0.498 0.498 0.498 7.127 5478 5.472
110K-filter (Trun. Loss) 0.997 0.999 0.999 0.969 0.977 0.977 0.481 0.126 0.042 7.622 5.607 5.515
15K-filter (Diel. Loss) 0.999 0.999 0.999 0.968 0.976 0.976 0.007 0.009 0.010 7.630 5.615 5.526
15K-filter (Refl. Loss) 0.997 0.997 0.997 0.965 0.973 0.973 0.198 0.198 0.198 7.834 5.818 5.728
15K-filter (Trun. Loss) 0.999 0.999 0.999 0.964 0972 0.973 0.055 0.043 0.037 7.890 5.862 5.767

3.3.3.4 Beam Ray-tracing, Silicon Lens and Quartz Vacuum Window System

The dielectric-material properties used in this optical arrangement and their optimized
input parameters, such as dimensions, focal-lengths, and distances with respect to the horn
location, are summarized in Table 19. Figure 43 shows the final quasi-optical beam propagation,
while in Table 20, the estimated gain a noise performance of this simulated optical system is

presented.

Table 19. Optical layout 4, simulation input Parameters.

Parameter: Value:

Lens Material Silicon

Refraction index n 3.410

Loss tangent y 4.0e-004

Vacuum Window Material Quartz

Refraction index n 2.1056

Loss tangent 0.4550e-004

Focal length f 0.1740 m

Total lens thickness 0.0195m

Lens radius 0.100 m

Vacuum Window diameter 0.11m

Vacuum Window Thickness 6.5 mm

Distance horn-lens 0.1790 m

Distance horn-subreflector 59815 m

Distance horn-15K _dewar_shield Top | 0.0100 m

Subreflector illumination Tapper: 31GHz = -12.3190
38GHz = -12.3317
45GHz = -12.3576
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Figure 43. Resulting horn-subreflector Gaussian beam propagation trough one silicon Lens, one quartz vacuum
window, and a couple of and IR-Filters.

Table 20. Total gain and noise contribution of one Silicon Lens, a Quartz Vacuum Window, and Filters

Component Cumulative Component Cumulative
Component Gain [dB] Gain [dB] Noise [K] Noise [K]
Description:

31GHz 38GHz 45GHz | 31GHz 38GHz 45GHz | 31GHz 38GHz 45GHz 31GHz 38GHz 45GHz
Lens (Dielect. Loss) 0.983 0.979 0.975 0.983 0.979 0.975 5.142  6.295 7.469 5.142 6.295 7.469
Lens (Reflect. Loss) 0.990 0.990 0.990 0.973 0.969 0.966 3.000 3.000 3.000 8.194 9.359 10.545
Lens (Truncat. Loss) 0.995 0.999 1.000 0.969 0.969 0.966 1.383 0.141 0.012 9.615 9.504 10.557
Vacuum Win. (Diel. Loss) 0.999 0.999 0.999 0.968 0.968 0.965 0.122 0.149 0.176 9.741 9.659 10.740
Vacuum Win. (Refl. Loss) 0.997 0.997 0.997 0.965 0.965 0.962 0.648 0.648 0.648 10.411 10.327 11.411
Vacuum Win. (Trun. Loss) | 0.996 0.999 0.999 0.961 0.965 0.962 0.819 0.109 0.014 11.259 10.440 11.426
110K-filter (Diel. Loss) 0.998 0.997 0.996 0.959 0.962 0.958 0.274 0.335 0.397 11.544 10.787 11.840
110K-filter (Refl. Loss) 0.997 0.997 0.997 0.956 0.959 0.955 0.498 0.498 0.498 12.064 11.305 12.359
110K-filter (Trun. Loss) 0.997 0.999 0.999 0.953 0.958 0.955 0.482 0.126 0.042 12.568 11.436 12.403
15K-filter (Diel. Loss) 0.999 0.999 0.999 0.953 0.958 0.954 0.007 0.009 0.010 12.575 11.445 12.414
15K-filter (Refl. Loss) 0.997 0.997 0.997 0.949 0.955 0.951 0.198 0.198 0.198 12.783 11.652 12.621
15K-filter (Trun. Loss) 0.999 0.999 0.999 0.949 0954 0.951 0.055 0.043 0.037 12.840 11.697 12.660

3.3.4 Discussion of Simulation Results

An important part of the simulation work that was performed in the previous section was
to use different lens configurations where different dielectric materials were tested to minimize
the total losses, thus minimizing also the bi-hyperbolic lens thickness. Table 21 presents the
material properties used for the different investigated optical layouts. The IR-filters dimensions
and properties (from Table 8) are also included in this table.
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Table 21. Dielectric properties of materials used in the simulations.

Dielectric Material Souranding Refractive Tan loss
Material for: Temp. (K) index n (107-4)
Lens: HDPE* 300, 15 1.5259 2.73
Quartz* 300 2.1056 0.45
Silicon* 300 3.4165 4.00
Vac.Window: Quartz* 300 2.1056 0.45
IR Filter: SolidPTFE 110 1.5000 3.00
Gore-Tex 15 1.2000 2.00

* Refractive index and tan-loss values where averaged from well know experimental measured data taken from [3] and [8].

The Quasi-optics analysis of the ALMA Band-1 system was carried out using the thin-
lens approximation for the focusing elements. Further on, in this design we optimized very
carefully the system total gain and its total noise contribution, taking into account the lens
dimensions, its refractive index, thickness, focal distance, and as well as the IR filters dimensions,
and material properties. The final simulated results for the 4 different layouts are summarized in
Table 22.

Table 22. Band-1optical parameters for the four different simulated layouts.

Layout 1 Layout 2 Layout 3 Layout 4
Lens 1.
Material: HDPE HDPE Quartz Silicon
Distance to horn [m]: 0.1812 0.2620 0.1812 0.1812
Focal length [m]: 0.1750 0.1778 0.1750 0.1750
Diameter [m]: 0.2000 0.2076 0.2000 0.2000
Thickness [m]: 0.0578 0.0598 0.0325 0.0194
Vacuum Window.
Material: Quartz Quartz
Distance to horn [m]: None None 0.0930 0.0930
Diameter [m]: 0.1100 0.1100
Thickness [m]: 0.00065 0.00065
Lens2.
Material: HDPE
Distance to horn [m]: None 0.0700 None None
Focal length [m]: 0.0382
Diameter [m]: 0.0782
Thickness [m]: 0.0379
Edge Taper [dB].
31GHz -12.31 -12.43 -12.31 -12.31
38GHz -12.33 -12.51 -12.33 -12.33
45GHz -12.35 -12.58 -12.35 -12.35

After optimizing the illumination efficiency of each one of the optical system layouts, we
estimated the total gain and noise contribution of each one optical layout configurations. The gain
and noise contribution related to the beam truncations, dielectric losses, and reflection losses of
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the lens and IR-Filters were included in the overall noise calculations. Truncation and reflection
termination temperatures were taken as average of both shield sides temperatures. The reflection
losses in the lenses and IR-filters were modeled assuming perfect surface matching. Therefore
those losses were estimated to be of about -20 dB for the lens and -25 dB for the IR-filters. Focus
efficiency of the antenna has been placed at a lower priority since it is assumed that the
secondary can be refocused. Figure 44 shows the total optic noise contributions estimated for
each one of the systems.
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Figure 44. Total noise estimation of the 4 different studied optical layouts.

Layout 3 (quartz lens + quartz vacuum window) provides the lowest system noise
contribution. This is the result of the high refractive index value and low tangent loss
characteristics of the quartz, making its total thickness very small. However, from the practical
and economic point of view, layout 1 (single HDPE lens design) is a more competitive system
since it is easier to construct with a CNC machine.

3.4 Final Lens Design and Construction

From the results obtained in the previous section, the chosen optical system was the one
using a simple HDPE lens design. The optical parameter corresponding to this optical system is
summarized as Layout 1 in Table 13. Inserting those parameters in Equation (34), the lens profile
thickness is obtained for one side part of the lens which is shown in Figure 45 with a red line.
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Lens Hyperbolic Surface Profile
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Figure 45. The final Band-1 designed HDPE lens profile.

The total lens design includes 2 hyperbolic faces and, in between, a 0.8 cm HDPE slab
section that will work as flange section. In Figure 46, it is shown the constructed bi-hyperbolic
HDPE lens that is being mounted in top of the test cryostat for the ALMA Band-1 receiver. In
this cryostat configuration, the horn aperture to the lens center distance was set to 0.1812 m and
the angle horn-lens was tilted 2.48 degrees to face the ALMA Cassegrain subreflector apex
center. The test results of this constructed lens will be performed and summarized in the next
chapter, once the best horn design is being chosen and constructed. The CAD detail of the final
and constructed lens design is presented in appendix section 7.1.

Figure 46. The constructed HDPE lens mounted in top of the test cryostat for the ALMA Bandl prototype receiver.
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3.5 Lens Antireflection Layer

To reduce the losses of power due to reflections at the lens surface and standing waves that
are generated inside the lens, an antireflection layer surface can be cut in the form of concentric
machined grooves on the lens surface. This lens surface treatment helps to minimize the
reflections since it create an intermediate impedance discontinuity between the air and the lens
material.

According to [84] for a single matching layer between the air and the lens, the optimum
thickness of such antireflection layer can be estimated using the following expression:

. A
opt 4\/;

where:

(82)

n = the refraction index of the lens material.
A = the central frequency wavelength

Now, depending on the groove width and the distance between two consecutive straight
grooves (width a depth equal to d,,), an incoming plane wave which is perpendicular polarized
and is that hitting the matching layer surface with a perpendicular incident angle (see Figure 47),

it will “sense” that the refractive index » of the layer in can be expressed in two main cases.

First, if the E-field is perpendicular to the groove direction,

nf? —a+(1-a’ (83)

Second, if the E-field is in parallel to the groove direction,

2
n2 = ”—2 (84)
" l-a+am

where:

n = the refraction index of the lens material.
o. = the groove width to pitch ratio (see Figure 47)

The a constant is given by:

a=— (85)
P
where p is the pitch constant.
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HDPE

Figure 47. Straight matching layer cross-section geometry. d is the optimum antireflection layer thickness, a is its
groove width, and p in its corresponding pitch constant.

For example, if the lens is constructed using HDPE with a refractive index n=1.5259
(which is the refractive index of the dielectric material used in the simulations in section 3.3.2)
the optimal grove depth d,,, will be 1.6 mm when the lens is designed at around the center
frequency of 38 GHz. Equation (83) and (84) can be plotted in a same graph as a function of a
(see Equation (85)), and by extrapolating where these two curves intersect the line represented
with n = 1.5259, then the value of each different refractive index can be obtained. In Figure 48,
this extrapolation process is illustrated. The optimum grove to pitch ratio for a perpendicular
incident E-field is 0.4, while for the parallel E-field, the a-constant is equal to 0.6.

Matching Grooves: alpha constant for HDPE with n = 1.51259 (blue line)
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Figure 48. Matching grooves dielectric properties for parallel and perpendicular incident E-field.

To confirm that the obtained matching groove parameters are suitable when designing the
antireflection layer of our HDPE lens device, the lens reflection losses were modeled using
Ansoft HFSS [85] (see chapter 4 for a proper description of HFSS). The model used consists of a
piece of HDPE of length 5.81 cm inside a WR-22 square waveguide. Then, by varying the
corrugation profile at both sides of the lens surface (see Figure 49), the simulated reflection
losses S;; of the HDPE lens were obtained. The results are shown in Figure 50, where a constant
pitch of 1 and 3 different grooves widths were used.
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Figure 49. Circular surface matching grooves geometry used during the HFSS simulation for our 30 to 46 GHz
HDPE lens design. The blue and red arrows denoted the orientation of the vertical and horizontal E-field excitations
inside the square waveguide. Port 1 is the input of the simulated E-field while the port 2 is it output.
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Figure 50. Circular surface Matching grooves simulations for our HDPE designed lens between 30 to 46 GHz. The
different results correspond to matching groove-widths of 0.4, 0.5, and 0.6 mm, and constant pitch ratio equal to 1.
The vertical magenta line close in the working bandwidth of the optical system, while the horizontal line shows the -
20dB reflection boundary region that correspond to 1 % of losses. t

When looking at the results shown in Figure 50, it can be confirmed that the best
reflection losses correspond to a groove width of 6 mm and a tooth width of 4 mm. With these
values, it will correspond to machine 100 grooves on the lens surface. This is a large number of
corrugations that could be difficult to achieve because of two reasons. First, the milling tool
needs to have a diameter of 0.6 mm and, second, because the size of the tooth distance in
between consecutive grooves. The later means that the tooth may not be accurately constructed if
the CNC late does not have a great accuracy and also due to the fact that the dielectric material as
the HDPE, are hard to work with (difficult to remove the plastic chips from the machined
grooves). Therefore, by increasing this time both, the pitch ratio size and the groove size, but
keeping the a-ratio constant between these two parameters, the groove and tooth sizes were
increased by a factor of 2 each (resulting in a number of 50 grooves instead of 100) while
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keeping the reflection performance as in the previous case. These results are summarized in
Figure 51.

S11 HDPE slab = 5,81cm long with corrugations. Variable p and a.
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Figure 51. Circular surface Matching grooves simulations for our HDPE designed lens between 30 to 46 GHz. The
different results presented here correspond to matching groove-widths and pitch of different sizes and ratios.

It is important to mention that the HFSS-simulated reflections obtained in this section, are
not so accurate since the used model simulates a piece of a HDPE inserted in a WR-22
waveguide and not using a more realistic model that uses the whole lens profile embedded in air
box which, for example, is excited by a plane-wave. The main problem of using the second more
complex model is that it will need both, a powerful computer (e.g. a cluster) and a large amount o
RAM memory that can take care of a large number of calculations that will be required for this
setup. On the other hand, when using our “simple” model, tough not accrue enough when
estimating the reflection loss parameter S;;, it will help us to find the best optimized parameters
to minimize the reflection losses at the center of the working bandwidth. According to [83], the
reflection losses for our matching layer design at the band edges should be around -20 dB (about
1% of losses), while according to the HFSS simulation results using the simplified waveguide
model, the worst case was at the band edges where the reflection losses were of around -12 dB
(or 6% of losses).

Now, if the quartz lens arrangement (Layout 3, in Table 23) is going to be used in our
optical system, a proper antireflection thin layer made of a dielectric material should be used on
both sides of the lens surface [86]. Thus, the coating layer thickness can also be determinate by
using Equation (82). For example, by using a dielectric material such as PTFE with a refractive
index n equal to 1.43 [35], around the center frequency of 38 GHz (i.e. lambda equals to 7.895
mm), then Equation (82) gives an approximately PTEF layer thickness of 1.65 mm.
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3.6 Conclusions

Quasioptical theory using first order Gaussian beam propagation, and thin lens
approximation were used in all the 4 optical system simulations. The quartz lens optical design
(layout 3) gave the best noise performance of all the 4 different optical layouts presented in
section 3.3.2. However, the single HDPE lens design, originally proposed by ALMA (layout 1),
continues to provide a good noise performance given the layout constraints of the cryostat.
Moreover, the main advantage of choosing the HPDE lens is that it is easier and less expensive to
construct using a CNC lathe machine than using a lens made of quartz.

The lens system corresponding to layout 1 was constructed (without an antireflection
matching layer treatment) and its performance will be tested and qualified in the next chapter 4.
After analyzing those results, and correcting possible values of lens focus and its location
between the horn-subreflector system, which maximize the antenna efficiency, a second corrected
HDPE lens needs to be constructed. The results will also demonstrate the importance of the
antireflection matching pattern. The designed parameters of such antireflection “coating” that
minimize the reflection losses are discussed in section 3.5.
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Chapter 4

Horn Design and Construction

This chapter is intended to describe the details of the design, optimization, construction and
testing of the 31.3-to- 45 GHz corrugated horn that will be used as a feeder in our optical system.
It is important to mention that there is a previous ALMA Band-1 horn model designed by M.
Carter [87], that was also constructed and measured [88]. Those results will be used for
comparison reasons in this work. Here, we propose to design a similar Horn design that keeps the
same performance, but with a more compact size. In this way, it will be easily accommodated on
top of the cryo-cooled thermal plate together with the other microwave components that belong
to the 15-K stage.

In summary, two designs were studied, a classical conical corrugated horn, and a spline-line
corrugated horn. Once both horns were optimized, using different electromagnetic designing
tools for each one of them, those were compared in terms of return loss, side-lobe level, and co
and cross polar radiation patterns. The simulation results showed that both horns have almost
similar performances as Carter’s horn. However, the spline-horn the chosen one to be constructed
and tested experimentally due to its short length, which it was less than half of the size of the
conical corrugated horn.

4.1 Introduction

Circular symmetrical corrugates horns produce radiation patterns with high beam
symmetry, high beam efficiency, low cross-polarization levels, very low side lobe levels, and
provide wide-bandwidth performances. The generation of the high beam symmetry is due to the
fact that this kind of horn supports the propagation of the so called hybrid-modes within the horn
structure, which makes them the best choice of feeder to be used in reflectors antennas [44].
Basically, the hybrid-modes are a combination of TE and TM modes that propagate with a
common velocity. For example, the fundamental mode HE;;, which is a hybrid-mode that
matches the TE;; fundamental mode of the horn circular input waveguide section with the
fundamental TEMy, mode that propagates from the horn corrugated thread section into the free
space. The HE|; mode is accomplished by an appropriate variation of the slots depths of the horn
mode launching section (see Figure 15 on page 31), which then matches the impedances of the
circular waveguide and thread section parts of the horn [89].

To design the horn, we have determinate a set of goals that are summarized in Table 23 [71].
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Table 23. ALMA Band-1 horn specifications expected at all frequencies.

Parameter: Specification:
Reflections: <-20dB
Cross polarization: <-30dB
Side lobe levels: <-25dB
Bandwidth =31-45 GHz
Total antenna efficiency > 80 %

() Of the horn+lens system when illuminating the subreflector.

4.2 Classical Corrugated Conical Horn

The theory presented here is based in [90][91], as they summarize the most important topics
of the design and construction of high-performance symmetrical corrugated horns. Other
references will be indicated in the corresponding paragraphs.

4.2.1 Theory and Design of a Preliminary Horn

First, the design of the corrugated horn starts by defining four different quantities of
frequency, which are used later on within the horn designing parameters. Those quantities are the
following.

Jfmin = lowest operating frequency = 31 GHz
fmax = highest operating frequency = 45 GHz
feo = center frequency .
f, = output frequency.

When designing a wide-band corrugated horn, which is the case for the ALMA Band-1 horn, the
following bandwidth condition must be met:

l4xf <f <24xf <& 43.4GHz < 45GHz £ 74.4GHz (86)

Since the condition was met, then the center frequency is given by:
f =12xf =372 GH: 87)
and the output frequency can be set equal to:

1.05x f < f <125xf < 39.06.GHz< f < 744GHz = f =40.92 GHz (86)

o
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Secondly, there are several parameters related to the shape and dimensions of the horn that
need to be estimated. Figure 52 shows the geometry of a linear corrugated horn profile that shows
the main designed parameters to be considered when designing this kind of horn. The symbols
used for those parameters are summarized in Table 24:

N slots

Linear
profile

Figure 52. Conical corrugated linear horn profile geometry. Figure adapted from reference [91].

Table 24. The corrugated -orn parameters that need to be estimated (see Fig. 52).

Quantity Symbol
input radius a;
output radius a,
horn length L
horn flare-angle a
total number of slots N
corrugation pitch p=L/N
width of the slot teeth w;
corrugation pitch-to-width ratio 0 =w/p

mode converter type

depths of the slots of the thread section
depths of the slots of the mode converter
number of slots in the mode converter
corrugated-surface profile

variable-dept-slot , or
variable-pitch-to-width-slot

d;

e

ch

Linear, Sinusoid, Gaussian, etc

The input radius of the horn circular waveguide is given by the fundamental mode TE;;
cut-off frequency, but this is a modified version that uses the central wavelength to assure that the
waveguide size cut-off the fundamental mode at a lower frequency than the f,,;,, which is equal to
31 GHz. This equation is then given by:

_3xA, _3x8.06-10-3

= = ~3.85mm

87)

a
i
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The horn output radius it designed to have a certain illumination tapper on the Cassegrain
subreflector. However, as it was stated before, in page 62 (Equations (73) trough (76)), if the
horn aperture is directly illuminating the subreflector, the horn size will be have a length of 1.816
m and an aperture radius of 0.105 m, a dimension that is not feasible to be installed in the
receiver cartridge. Therefore, a lens placed in between the horn and the subreflector is need it to
refocus the beam. The preliminary calculations were performed in page 63 (Equations (77)
trough (81)), where the lens, with a radius of 0.1 m, was placed at a distance from the horn that
equals the lens focal point or 0.1965 m. Using this fact, the horn output radius can be determined
with the help of the horn design curves summarized in [92], and the geometry shown in Figure 53.

LENS o~ 4
HORN -

a - ’\ 2X Fgns
L%
e} oo

L » f=07965m

Figure 53. Geometry of the horn location with respect to refocusing lens. The angle 0 is the illumination angle of the
horn, while o is the horn flare angle.

When estimating the illumination angle of the horn over the lens surface, the following
calculation was made:

r
0 =tan | e :tanl( 0.1 jz27° (88)
’ 0.1965

Using this illumination angle of 27° and requiring, for example, that the truncation losses of the
horn radiation over the lens surface will of -20 dB (i.e. 1% of losses), then the extrapolated
directivity is obtained from the design curve shown in Figure 2 of the reference [92], giving
about 21 dB. Taken this directivity value on designing curve shown on Figure 3 (same reference),
it will return the following ratio from which the horn output radius a, can finally be extracted:

 3.4x8.06x107°

D/A =34 = a ~14.0 mm (89)

From the extracted values in equation (88) and (89) in the same Figure 3 (reference [92]),
the horn flare angle can be extracted and it will be equal to:

a~5° (90)
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The horn length L will be then given by (see the geometry in Figure 53):

\ao —a,.)_ (0.014-0.00385)

tan(a) - tan(So)

L=

~0.120 m 1)

When deciding what will be the fotal number of slots in horn corrugated section, one
needs first to decide what will be a reasonable pitch ratio to have, which it will need to be in the
range of /1./4 but less of 4./2. A good choice of p it will then be:

p =3mm 92)

From the above value, the total number of slots can be calculated from the following
relationship:

p:£ < N=—=——=40 93)
N p 3

The width of the slots sometimes is not constant over the whole horn corrugation profile.
This parameter will depend, as the depth of the slot parameter. It also does on which mode
converter type we are going to use for our horn design. There are two different kinds of mode
converter that it will be used in this work. Namely the variable-depth-slot, and the variable-pitch-
to-width-slot mode converters [93].

The variable-dept-slot mode converter is the easiest one to design and fabricate since its
pitch-to-width ratio is constant for all the slots in the corrugation profile. For example, if our
choice of pitch p was set to 3 mm, then in general the width of the slot can be chosen to be equal
to half of this value:

w = 1.5 mm 94)
and its pitch-to-width ratio will be given by :

s=r_15_, (95)
p 3

The depth of the slot can be estimated from the following equation:

d = 0.45—1—_1(0.45—1A.j/1 for: 1< j<N +1
jme N ’ 4 J c mc
(96)
A j—-N -1}[4 A
d =—%4 -| —*—§—<B ;——=C for: N +2<j<N
o4 N-N =14 J 4 me
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where:

1
AjZCXp 1.134
2.114><(k'a)
B =exp !
J 2.114><(ka )’-134
C =exp !
J 2.114x(k a )’-134
g =2E g 22E
¢ A o 2

Nune= mode converter number of corrugations which gave us the best results when =7
a; = horn diameter at a certain distance inside the horn.

The second mode converter, the variable-pitch-to-width-slot mode converter, is a little
more complex to design than the previous one. In this case we have:

A j-1 A A
d =:045—-+ —£-045—=5 |} xA for: 1<j<N +1
Jjme 1.15 N -1\ 4 4 J me
97
A j—-N -1}|4 A
d =—<4%4 —-| ———_R-<B +——=C forr N +2<j<N
J 4 j N-N -1 4 j 4 me
where:
ch:12

Finally, the width of the slot of the variable-pitch-to-width-slot mode converter is given by:

wo =025 14271 (98)
jme N -1

mc
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There are several choices of corrugated surface profile as it can be found in [93].
Probably the most commonly used profile is the /inear one, which is the one we chose here for its
simplicity when drawing such structure before simulating it.

4.2.2 Preliminary Corrugated Horn Simulation

Figure 54 shows the horn profile geometry. The horn parameters were determined in the
previous section using the results from Equations (86) trough (93), and also using equations (97)
and (98), that determines the depth and the width of the variable-pitch-to-width-slot mode
converter section of the this horn. The total length of the horn became 14.0 cm from which the
corrugation section has a length of 12.0 cm. The horn output throat section has a diameter of 2.8
while the input circular waveguide has a diameter of 0.78 cm.

Standard Conical Corrugated Horn Profile (Preliminary Design)
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Figure 54. The resulting profile geometry of the preliminarily horn design. Its corrugation section length is 12.0 cm,
the output throat has a diameter of 2.8 cm. and the flare angle is of about 4.85°. The circular waveguide has a
diameter of 0.77 cm. A variable-pitch-to-width-slot mode converter was used in this design.

Standard Conical Corrugated Horn. Simulated Return Loss
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Figure 55. HF'SS simulated reflection results of the preliminarily horn design. Observe that the reflection losses
comply the -20 dB for entire bandwidth according to the ALMA Band-1 specifications.
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In Figure 56 the HFSS-simulated radiation pattern performances for this horn are shown
at 31, 38, and 45 GHz. Figure 55 shows their respective simulated return losses from 30 GHz up
to 46 GHz. By analyzing these results, it can be determined that our preliminary horn design does
comply with the reflection-loss specifications stated in Table 23. On the other hand, it does not
fulfill with the cross polar specifications, which peaks are higher than -30 dB at 31 or 45 GHz,
and neither with E-field and H-field beam symmetry at 31 GHz, that a well designed corrugated
conical horn should have when illuminating a Cassegrain antenna [95]. Thus, this preliminary
horn design needs to be optimized to find the right feeder that it does comply with all the
specifications.
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Figure 56. Simulation results of the co-polar and cross-polar radiation patterns at 31, 38, and 45 GHz of the
preliminary horn design, which geometry is shown in Figure 54. Note how the E-field shows a wider Gaussian
profile than the corresponding H-filed at 31 GHz. At the same frequency, the cross-polar levels are much higher
than the required -30 dB.

4.2.3 Optimizing the Preliminary Corrugated Horn Design

As it was stated in the previous section, our corrugated conical horn needs to be optimized
to comply with the required specifications. Therefore, several changes were made in the length,
input and output apertures size, and mode launching horn section. After simulating and
optimizing with several designs with the help of HFSS, it was founded that a horn with similar
designing characteristics as the Carter horn [87], was the one that it did come closer to fulfill the
specifications. The optimization process of the simulation was achieved by first fixing the horn
length, output aperture, and flare angle during the simulation while the number of corrugation
slots, slot width, pitch, pitch-to-width-radio, slot depth, and mode converter type were varied
(one parameter at the time).
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The final length of the horn was of 13.6 cm, the throat output diameter of 3.0 cm, and the
circular input waveguide diameter of 0.79 cm, which together generate a flare angle of about
4.79°. This horn was designed using a variable-depth-slot mode converter (i.e. fixed pitch with
variable depth) instead of using the more complex variable-pitch-to-width-slot mode converter
that is was used in the preliminary design. The final profile is shown in Figure 57.

Optimized Conical Corrugated Horn Profile
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Figure 57. The final optimized corrugated conical horn profile geometry. Its corrugation section length is 13.6 cm,
the output throat has a diameter of 3.0 cm. and the flare angle is of about 4.79°. The circular input waveguide has a
diameter of 0.79 cm. This horn was designed using a variable-depth-slot mode converter.

The return loss of this horn design is shown in Figure 58. This result is not as good as the
reflection losses obtained with the previous horn design, but it still comply with the -20 dB
specification. The beam-pattern simulations are shown in Figure 59. Here it can be noted that
both, the cross-polar levels and the beam symmetry at 31 GHz were improved much more
improved, but still the cross polar level at this frequency is still slightly out of the specs. On the
other hand, at 38 and 45 GHz, the radiation patterns fulfill the horn designing requirements.

Optimized Conical Corrugated Horn. Simulated Return Loss
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Figure 58. The HFSS-simulated return loss of the optimized corrugated conical horn
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Figure 59. Co-polar and cross-polar radiation pattern simulations of the optimized corrugated horn design
performed at 31, 38 and 45 GHz, which geometry is shown in Figure 57.

4.3 Corrugated Spline-line Horn Design Using Mode Matching
Techniques

There is another interesting horn design alternative to be study which is the so called
“Smooth-Walled Spline-Profile horn” developed by C. Granet [96]. In order to achieve the
stringent specifications imposed over the horn, in particular its large coverage bandwidth, two
different profiles were studied and optimized using mode-matching techniques [97]. The horn
requirements are the same as those stated in Table 23. The optimization procedure description is
defined step by step in [96] and [98]. The first design was based on a smooth-walled profile while
the second model was a corrugated spline-profile horn.

As it was shown in [99], the spline-profile corrugated horn design was the best choice to
construct since it met all the specifications in a much better way than the simple smooth walled
horn. As an additional advantage, the corrugated spline-profile horn resulted in a total length
which is almost less than half of the size of the conventional conical corrugated horns, e.g. those
designed and simulated in the previous sections. The small resulting size of the smooth-walled
corrugated horn makes it easier to be implemented in the Band-1 receiver. This is particularly
important in ALMA as the available space for implementing the receiver is limited as it was

discussed before.
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Spline-Line Corrugated Horn Profile
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Figure 60. Profile of the spline-profile corrugated horn. The dimensions are given in Table 25.

The corrugation profile of the selected horn is shown in Figure 60 and Table 25
summarizes its physical dimensions. After the design, the horn was simulated using Ansoft HFSS
electromagnetic software. The simulated horn geometry is shown in Figure 60. As in case of the
two previous classical horn designs, this horn one was characterized in terms of reflection losses
and co and cross polar pattern performance.

Table 25. Dimensions of the different sections of the spine-line corrugated horn.

Horn Section Dimension (mm)
Horn total length 62.37
Circular waveguide length 11.42
Corrugated section length 51.25
Input diameter 7.62
Output diameter 31.50
Teeth width 0.94
Grove width 0.31
Grove depth 2.01-3.35

Spline-Line Corrugated Horn, Simulated Return Loss
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Figure 61. The corrugated spline-line horn simulated return-loss results with HF'SS.
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Figure 61 shows the return losses from 30 GHz up to 46 GHz. This simulation fulfill the
horn reflections loss specification of <-20 dB for the entire Band. In Figure 62, the HFSS-
simulated radiation pattern performances at 31.3, 38, and 45 GHz are shown. The co-polar curves
look very symmetric for both, the E and the H-fields. Their corresponding cross-polar peaks and
side-lobe levels do also comply with the expected specifications that were stated in Table 23.
Figure 63 shows the spline-line horn geometry used to perform the HFSS simulations.
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Figure 62. Resulting co-polar and cross-polar simulated beam patterns for the spline-line horn profile shown in
Figure 60.
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Figure 63. The spline-line corrugated horn geometry that was simulated whit the HFSS electromagnetic software
tool.
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4.4 Comparison of Horn Designs

In this section the three different designed feed horns are compared in terms of their
dimensions and simulation performances. Table 26 presents the details of this horn design
comparison.

Table 26. Parameter designs and simulation results of the 3 different corrugated horn profiles.

HORN PROFILE GEOMETRY: Preliminary Conical Optimized Conical Spline-line with Corrugations
Input aperture (mm): a; 3.85 3.95 3.81

Output aperture (mm): a, 14 15 15.75
Corrugation length (mm): L 120 132 51.25

Total length ® (mm): Ly, 140 152 62.67

Flare angle (deg): o 4.85° 4,79° -

Mode converter type: variable-pitch-to-width-slot variable-depth-siot variable-depth-siot
Slot depth MC @ (mm): djm 35-18 35-1.8 3.35-22

Slot depth TS ® (mm): d; 1.8 1.8 22

pitch ratio: p 3 3 1.25

Total number of slots: N 40 44 41

Total number of slots MC: N, 12 7 6
pitch-to-width ratio MC: 8, 0.83-0.5 0.5 0.248

slot teeth width MC (mm): Wi 25-1.5 1.5 0.31
pitch-to-width ratio TS: 8 0.5 0.5 0.248

slot teeth width TS (mm): wyy 1.5 1.5 0.31
corrugated-surface profile type: Linear Linear Gaussian

HORN SIMULATION Preliminary Conical Optimized Conical Spline-line with Corrugations
RESULTS: 31GHz 38GHz 45GHz 31GHz 38GHz 45GHz 31.3GHz 38GHz 45GHz
Reflection (dB): 28 -33 0 32 -22 35 -30 -31 -32 =30
Cross polarization +45deg (dBi): 25 32 29 29 38 28 -31 -39 40
Cross polarization -45deg (dBi): -25 -32 -30 -29 -38 -30 =31 -38 -42
Side lobe levels, E-field (dBi): -29 =27 -25 =27 =27 -26 -32 -28 -28
Side lobe levels, H-field (dBi): -26 -26 =27 -32 =27 =27 -34 -30 -26

1/e? beam radius, E-field (deg): 2238 17.08 14.32 21.14 1632 13.42 20.89 17.45 14.27
1/¢? beam radius, H-field (deg): 20.53 16.65 14.39 20.01 16.18 13.58 20.50 17.57 14.41
Reflection loss 100% band (dB): <-26 <-22 <-23

(1) The total length of the horn includes the thread section plus the input circular waveguide length.
(2) MC = Mode Converter of the horn profile.
(3) TS = Thread Section of the horn profile.

After a careful comparison of the three different designs it is clear that the spline-line horn
design will be the best choice to be implemented in our receiver. Its major advantages are its
compact size, good beam symmetry, low cross-polarization levels, complying with all the
specifications. However, probably its biggest drawback will be when constructing the
corrugation profile with the milling machine due to the tooth size with respect to the pitch ratio. It
also remains to check how good it will be the alignment of the two block pieces and how it will
affect the measurements when testing this horn.
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4.5 Horn Construction and Experimental Measurements

4.5.1 Construction of the Corrugated Spline-line Horn

The spline-profile corrugated horn was constructed using the split-block technique. Both
split sections were milled using a five-axis high-precision CNC milling machine [68]. The horn
was milled in aluminum due to its good machinability and suitability for cryogenic applications.
The corrugation profile at the split plane was checked with an optical microscope. No
construction errors and misalignment of the corrugations were found. This sets the construction
and alignment precision in less than 10 pm. Instead of using standard alignment pins, four pins
were machined directly in one of the block surfaces minimizing in this way the alignment errors
once the horn was assembled. The constructed horn is presented in Figure 64 and a more detailed
CAD drawing is attached at the appendix section 7.2 of this document.

Figure 64. Constructed Spline-Line corrugated profile horn using CNC machining and split-block techniques.

4.5.2 Beam-pattern Measuring Setup

For the characterization of the horn, a vertical planar near-field beam-pattern
measurement setup [100][101] was designed and built specifically for this work [102]. The near-
to-far-field data-transformation algorithm, which uses a Fast Fourier Transform (FFT), and the
probe amplitude pattern corrections were adapted from [103]. The beam scanner setup consists in
an transmitting 30-50 GHz probe attached to a XY0-linear scanner, a mount holding the horn to
be tested, a XY-scan controller, an Agilent 10-MHz-50-GHz Vector Network Analyzer, and a PC
used to and control the other hardware devices (trough an Ethernet-bus and RS-232 interfaces)
and store the measured data. The Vector Network analyzer output channel is connected to the
transmitting horn while its input channel is connected to the receiver horn. Both connection
channels use flexible 1-to-50 GHz coaxial-cables of 2-meter long each. The probe is attached to a
O-rotating stage that can set at 0° when performing co-polar beam measurements or be manually
rotated to 90° when taken the cross-polar scans. In Figure 65 it is shown the schematic beam-
scanner arrangement.
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Figure 65. Schematic view of the lab setup arrangement that it was used to test the performance of the horn, and the
horn-lens arrangement.

4.5.3 Horn Measurements

In this section we present the measured horn reflections at all frequencies, and the co-polar
and cross-polar radiation pattern, horn directivity, phase and phase center location at 31.3, 38 and
45 GHz. All the measured data presented here includes the corresponding HFSS simulations for
comparison purposes. The resulting measured far-field data were consistent within a dynamical
range of greater than 50 dB. For determining the phase center a phase model with amplitude
weighting correction was used [104].

Figure 66. Near-field beam scanner setup showing the XY-scanner, the Horn, the VNA and the main computer used
to control the measuring setup.
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The picture shown in Figure 66 shows the measuring setup used to characterize the
corrugated horn. Note how the pyramidal Eccosorb absorbers [105] were placed around the horn
under test and behind the probe to minimize reflection interferences when performing the
measurements.

4.5.3.1 Reflection Coefficient

Figure 67 presents the measured reflection losses at the input port of the horn. The
measurements correspond to the real circular waveguide input. The contribution of the
rectangular-to-circular waveguide transition was subtracted using a previous calibration step. The
measurements show that the reflection losses are less than —20 dB for the complete band of
interest in excellent agreement with the simulations.

Spline-Line Corrugated Horn Return Loss
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Figure 67. Measurements of the horn input reflections (red /ine) compared to the HFSS simulated expected S11
values (blue line).

4.5.3.2 Co- and Cross-polar Patterns

The co-polar and cross-polar radiation patterns are shown in Figure 68. The copolar
measurements are identical to the simulated ones down to —25 dB at all frequencies. At lower
amplitude values, especially around the first sidelobe levels, the measurements are always
somewhat large with respect to the simulations. The difference in cross-polar amplitude between
the simulations and measurements, especially at 38 and 45 GHz, are of about +5 dB. However,
all the cross-polar and first sidelobe level measurements fulfill the horn-performance
specifications.
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Figure 68. Measured and simulated co-polar (E and H planes) and cross-polar (45 and —45 planes) radiation pattern
comparison for 31.3, 38 and 45 GHz. Dotted lines correspond to the measurements results while the straight lines
corresponds to the simulation results.

4.5.3.3 Directivity and Level of the First Side-lobe

From the simulated and measured radiation patterns we have obtained the directivities and
the levels of the first side-lobes. The results are summarized in Figures 69 and 70. In both cases,
the measured and simulated values show similar frequency dependence. In the case of the
measured directivities, they are slightly overestimated in around 0.3 dB for each case. This is
probably due to the uncertainty when predicting the total isotropic radiated power of our horn
from the planar near-field measurement once the far-field transformation is done using the FFT
methods. Regarding the first side-lobe level, it is typically below —26 dB across the whole band,
which implies that the specifications set for the horn are satisfied.
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Figure 69. Mecasured and predicted directivity of the constructed horn.
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Figure 70. Measured and simulated first side-lobe levels. The green dotted line denotes the maximal first side-lobe
level specification of the horn.

4.5.3.4 Phase Plots and Phase-center Location

The measured phase of the E and H fields and their corresponding simulated HFSS values
at 31.3, 38 and 45 GHz are shown in Figure 71. The measured results agree very well with the
simulations since the phase diagrams are quite flat in the region where the amplitude radiation
reaches its maximum. In Figure 72 the phase center location (PCL) retrieved from the measured
and simulated cases are presented. The measured PCLs coincide with the simulated cases within
about 0.5 mm. The exception is the PCL of the H-field at 45 GHz, where the difference with its
corresponding simulated value is of about 1.5 mm. This discrepancy may be attributed to small
construction imperfections in the corrugation profile which is more sensitive at higher
frequencies.
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Figure 71. Measured and simulated phase plots results for the E (red lines) and H planes (blue lines) at 31.3, 38 and
45 GHz.
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Figure 72. Measured and simulated phase center locations for the E (red) and H fields (blue).
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4.5.4 Horn and Lens Measurements

The performance of the dielectric lens together with the corrugated horn was tested by
using the same beam-scanner system setup, but now placing this lens in between the horn-probe
arrangement. The lens was attached on top of a xyz-stage flexure platform that can be tuned with
millimetre precision, which then provides that the lens center becomes align with the horn center
optical axis. The stand holding the xyz-stage flexure platform was also cover with Eccosorb to
minimize reflexion interferences. This optical beam scanner modified arrangement is shown in
Figure 73. The horn lens distance was set to 19.1 cm and the distance between the lens and the
scanner probe aperture was of 66.0 cm. Once the arrangement was set and aligned, the co-polar
and cross beam scanner measurements were performed.

Figure 73. Near-field beam-scanner arrangement setup used for the horn-lens co and cross-polar beam
measurements.

4.5.4.1 Co-polar Pattern Measurements

Figure 74 shows a two-dimensional representation of the measured co-polar beam pattern
measurements at 31.3, 45, and 45 GHz. The left-side plots correspond to the near-field
measurements, while the right-side ones correspond to the far-field transformed plots. In these
plots it can be found that the far-field transformed patterns contained inside the subreflector
surface area (cyan circle) are very symmetric but having a little offset towards the x an y positive
axis. This offset is probably due to a not-well-aligned horn-lens setup while performing the
measurements. The low side-lobe, measured levels outside the subreflector area are consistent
with the specifications since the maximum peak is less than -25 dB.
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Figure 74. Near-field co-polar horn-lens measurements (left) and their corresponding far-field transformation (right)
at 31.3, 38, and 45 GHz. Note also the cyan circle that denotes the subreflector rim projection on the far-field
patterns. Contour levels are shown at every -3dB.
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4.5.4.2 Cross-polar Pattern Measurements

The measured near field cross-polar patterns at 31.3, 38, 45 GHz are shown at the left side
part of Figure 75. Their corresponding far-field transformed pattern is presented at the rigth side
of the same figure. The cross-polar peaks were found to be less than -30 dB for all the three
measured patterns which comply with the designied goals.
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Figure 75. Near-field horn-lens cross-polar measurements (left) and their corresponding far-field transformation
(right) at 31.3, 38, and 45 GHz. The cyan circle denotes the subreflector maximum radius. Contour levels are shown
at every -3dB.
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4.5.4.3 Experimental Antenna Efficiency Estimation

From the far-field transformed patterns the antenna efficiency can be estimated at the
subreflector within its 0.75 m of diameter, which corresponds to a projection radius of 3.58° over
the far field beam patterns. The details of this projection are shown in Figure 76, where the far-
field co-polar patterns are presented at 31.3, 38, and 45 GHz.
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Figure 76. Full resolved far-field co-polar horn-lens measurements. This figure shows also the far-field projection
of the subreflector over the measured patterns from which it can be noted that the horn-lens alignment was not

perfect during the tests.

The different antenna efficiencies terms and they overall total contribution were
calculated according to the methods presented in [106][107]. In Table 27 are presented the
different antenna efficiency terms that where estimated from the measured co and cross-polar
patterns. Those are: the spillover, polarization, tapper, and phase efficiencies. The total predicted
antenna efficiency, which is also been listed in the same table, will be then the product of these

four individual terms.

As it can be noted, the estimated total antenna efficiency is lower than the expected
specification of 80% listed in Table 23. This is probably caused by the lens radial and axial
misalignment with respect to the optical axis determinate by our corrugated horn. In Figure 76,
the effect of lateral defocus can be noted since all the measured beam patterns show an offset of
about +1° with respect to the center of the subreflector rim in both x and y positive directions.
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Table 27. Band-1 estimated antenna efficiencies summary.

Freq. (GHZ) nspil npol nta_p nphase Dot
31.3 0.9095 0.9993 0.8542 0.9999 0.7764
38.0 0.9329 0.9996 0.8348 0.9999 0.7786
45.0 0.9324 0.9997 0.8409 0.9999 0.7838

4.6 Quasioptical Beam Analysis Corrections

Finally, as the last section part of this Chapter 4, it is important to estimate how the
measured patterns and phase-center positions from section 4.5.3, change the beam propagation in
our simulated optical system from section 3.3.3.1. These new measured horn parameters will then
determinate the new lens surface shape, its focal length, and its distance to the corrugated horn
aperture. In Table 28 we summarize the most important designing parameters of our simulated
optical system with the new corrected parameters. Figure 77 shows the final Quasioptical beam-
propagation that corresponds to the “corrected values” parameter column listed in Table 28.

Table 28. Corrected optical beam propagation estimated from the spline-line corrugated horn

measurement results.

Parameter: Simulation Values: Corrected Values A Difference:
. 31.3 GHz= 9.780 mm 31.3 GHz= 8.456 mm +1.324 mm
Beam waist wy: ® 38.0 GHz= 9.540 mm 38.0 GHz= 8.211 mm +1.329 mm
45.0 GHz= 8.840 mm 45.0 GHz= 8.486 mm +0.354 mm
31.3 GHz= - 6.240 mm 31.3 GHz= - 6.590 mm +0.350 mm
Phase center location: 38.0GHz= - 9.670 mm | 38.0GHz= - 8.735mm | - 0.935mm
45,0 GHz= -16.210mm | 45.0 GHz= -10.895 mm +5.315 mm
Focal length f: 0.1740 m 0.1700 m - 0.0040 m
Total lens thickness: 0.0581m 0.0591 m +0.0010 m
Distance horn-lens: 0.1790 m 0.1800 m +0.0010 m
Subreflector illumination 31.3 GHz= -12.3190 dB 31.3 GHz= -12.2173 dB - 0.1017 dB
Tapper: @ 38.0 GHz= -12.3317dB | 38.0 GHz= -12.8011 dB | + 0.4694 dB
45.0 GHz= -12.3576 dB 45.0 GHz= -12.3975 dB +0.0399 dB
31.3 GHz= 10.034 K 31.3GHz= 14.427K +4.393 K
Total Noise Contribution: 38.0 GHz= 9.264K 38.0 GHz= 10.622 K +1.356 K
45.0 GHz= 10.142 K 45.0 GHz= 10372 K +0.230K

™ Estimated using the average of the E and H-field 1/e* beam radius (deg) and applying Equation (17).
@ Optimization target criteria = -12.3 dB.
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The results presented in Table 28 were obtained in the following way:

All the theoretical simulation values listed in the second column comes from section 3.3.3.1.

More specifically from Tables 12, 13, and 14.

The corrected values of the phase-center location correspond to the measured phase center

locations presented in Figure 71, section 4.5.3.4.

The Beam waist corrected values were estimated using the average of the measured E and
H-field 1/¢* beam radius, which were extracted from Figure 68, and applying Equation (17).

Finally, the total noise contribution corresponding to the constructed spline-line horn
measurements was estimated by changing the lens position and its focal length until a
subreflector illumination target of -12.3 dB was achieved.
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Figure 77. Corrected horn-subreflector Gaussian beam propagation trough the HDPE Lens and IR-Filter.

The new corrected Quasioptical beam propagation was optimized using the -12.3 dB
subreflector illumination criteria. As it can be seen in Table 28, the subreflector tapper efficiency
could not be optimized with the target criteria at all frequencies, meaning that the antenna is not
100% perfectly frequency independent as desired. Another important fact that can be extracted
from this table is that the noise temperature increases, especially at the lower frequencies due to
the fact that the outgoing beam becomes wider and more truncated by the aperture size of the IR-
filters and the lens optical components. A more detailed noise estimation of the final optical-

system resulting design is presented in Table 29.
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Table 29. Corrected Total gain and noise contribution of the optical system estimated from the horn
experimental results.

Component Cumulative Component Cumulative
Component Gain [dB] Gain [dB] Noise [K] Noise [K]
Description:

31.3GHz_38GHz 45GHz 31.3GHz_38GHz 45GHz 31.3GHz 38GHz 45GHz 31.3GHz_38GHz 45GHz
Lens (Dielect. Loss) 0.984 0.981 0.978 0.984 0981 0.977 4792 5828 6914 4.792 5828 6914
Lens (Reflect. Loss) 0.990 0.990 0.990 0.974 0971 0.967 2.050 2.050 2.050 6.875 7918 9.012
Lens (Truncat. Loss) 0.987 0.999 1.000 0.962 0.968 0.967 2.661 0.575 0.041 9.607 8511 9.055

CryoTop Aper. (Trunc.) | 0.989 0.999 0.999 0.950 0.965 0.967 2421 0.597 0.062 12.124  9.176  9.120
110K-filter (Diel. Loss) 0.998 0.997 0.996 0.948 0.962 0.963 0.276 0.335 0.397 12.419 9.425 9.530
110K-filter (Refl. Loss) 0.997 0.997 0.997 0.945 0.959 0.960 0.498 0.498 0.498 12.940 9.992 10.047
110K-filter (Trun. Loss) | 0.993 0.999 0.999 0.938 0.957 0.960 1.162 0.376 0.084 14.167 10.384 10.135
15K-filter (Diel. Loss) 0.999 0.999 0.999 0.937 0.957 0.959 0.007 0.009 0.010 14.177 10.393 10.146
15K-filter (Refl. Loss) 0.997 0.997 0.997 0.934 0.953 0.956 0.198 0.198 0.198 14.388 10.600 10.352
15K-filter (Trun. Loss) 0.999 0.999 0.999 0.934 0.953 0.956 0.036 0.021 0.020 14.427 10.622 10.372

4.7 Conclusions

We have successfully designed and constructed a spline-profile optimized corrugated horn
using split-block techniques. The measurements of its return losses, directivity, first side-lobe
levels, and its co- and cross-polar radiation pattern measurements agree very well with the HFSS
simulation results and fulfill all the required specifications imposed by ALMA for its Band 1.
Furthermore, it was demonstrated that the construction discontinuities, due to the horn being split
in two parts, were negligible and causes no detectable anomalies in the cross polar measured
pattern. But probably the main advantage is that our horn design is about 9 cm shorter in length
than the conventional horn design, which make it our horn easer to be installed on top of the 15-
K cryostat-plate together with the other cold receiver components, such as the HEMT amplifier.

The horn-lens measured co-polar patterns look very symmetric for both, the E and H-fields,
and the measured cross-polar peaks are less than -30 dB for all the measured frequencies.
However, we estimated that the total noise contribution at lower frequencies, i.e. 31.3 GHz, was
about 3K higher than expected. This probably was due to the uncertainty when estimating the
beam waist size from the beam divergence angle that was taken from the radiation pattern at that
frequency. In that particular measured pattern it was found that the total intensity at the top of
such curve decreased within 0.2 to 0.4 dB (e.g. loss of power due to reflections at the lens
surfaces), causing that, when normalized the measured pattern, it will give us a wider divergence
angle and, thereby, it increased the estimated noise performance at 31.3 GHz due to truncation
losses. Therefore this measurement must be repeated once the lens being treated with a proper
antireflection layer that minimizes the power losses
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Chapter 5

OMT Design and Construction

Among the three different OMT designs described in section 2.7, we have chosen the
design introduced by S. Asayama for ALMA Band-4 [108]. This design support a wide range of
frequencies, its implementation can be very compact, it has the great advantage that can be easily
machined using only three block pieces, and it does not require extra alignment effort as in the
case of other mentioned designs. This chapter starts with a brief description of waveguide theory
[109]. Afterward, this chapter describes with the details of the independent design and
optimization of the three most important parts of the OMT. Then, all these three sections are
connected together and re-optimized to get the best possible performance. Finally, the device was
constructed and measured.

5.1 Introduction

In millimeter and sub-millimeter receivers there are two different kinds of techniques to
achieve dual-polarization detection. One is the quasi optical scheme that uses a polarizer grid in
between of an arrangement of mirrors that split the input beam into two orthogonal linear
polarizations. The second method is by using a special waveguide polarization diplexer called
Ortho-Modal Transducer (OMT). For millimeter operation, as is the case of ALMA Band-1
receiver, the chosen technique is the OMT due to its compactness and wideband support rather
than using the Quasioptical arrangement, which can be large and bulky at low frequencies. For
our ALMA Band-1 prototype receiver, the main technical specifications for this OMT are
summarized in Table 30 [71].

Table 30: The ALMA Bandl OMT main specifications are:

Parameter: Specification:
Reflections: <-20dB
Cross polarization: <-30dB
Isolation <-50dB

Bandwidth = 31-45 GHz
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5.2 Waveguide Basics

A waveguide is a hollow conductive metal-pipe structure that guides radio or microwaves.
Inside the waveguide, the wave signals are confined inside due to total reflection from its walls.
There are different shapes of waveguides, most commonly having circular and rectangular cross-
sections. The transversal size of the latter is commonly selected such that its long side is twice its
short side. The rectangular waveguide is very useful for carrying microwaves signals that have a
horizontal or vertical polarization respect to them. One of the most important parameters that
characterize such waveguide is the so called cut-off frequency, which is the lowest frequency that
a certain mode can propagate trough the guide. The propagation mode is the possible solution
form that the wave equation can generate due to the boundary conditions constrains imposed by
this kind of waveguide. They are limited in frequency and shape, and according to [110], the
relationship between those frequencies and the corresponding modes for a rectangular waveguide
are given by the following equation:

2 2
T
wl o EU a b (99)

Where:

a = waveguide width

b = waveguide height

m = integer number of 2-wavelength variations of fields in the "a" direction
n = integer number of 2-wavelength variations of fields in the "b" direction
¢ = permittivity of the material inside the waveguide

1 = permeability of the material inside the waveguide

The dominant mode, also called fundamental mode, in a rectangular waveguide is the
“Transverse Electric” TE (see Fig. 78). This mode is the one that concentrates most energy than
the other higher modes since is the less attenuated. Note that for the TE,, mode, m or n can be
zero but not at the same time. Most of the microwave devices that use waveguides use the
fundamental TE;y mode in their design. However, rectangular waveguides do also allow the
propagation of “Transverse Magnetic” modes TM,,, where Equation 99 can be used to calculate
the corresponding cutoff frequency. As in most of rectangular-waveguide devices, our OMT will
use the fundamental mode in its design and the standard waveguide size to be used will be WR-
22, which have a cross section width of 5.69 mm and height of 2.845 mm.
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Figure 78. The geometry of a rectangular waveguide (left figure) with width a and height b. The field lines (right
figure) for the TE ;) mode where the solid lines correspond to the E-field while the dashed lines show the H-field.

Table 31 presents the first five TE and TM mode orders that can propagate, according to
Equation 99, through the standard WR-22 waveguide and their corresponding cutoff frequencies.
Note that only the TE;p mode can be exited within the 31-to-45 GHz frequency band, and the
other higher TE,y and TE( modes, and the first allowed TM;; mode will be excited at much
higher frequencies, which is very straightforward for our design since the fundamental TE
mode will not be share any energy with the other higher modes. Equation 99 also tells us that the
TE ;o mode depends only of the waveguide-width parameter a, which means that the height 5 can

change in size (thus changing the waveguide impedance) without affecting the propagation of
this mode [111].

Table 31: WR-22 rectangular waveguide lowest cutoff frequency modes.

Cut-off freq. / Order | m=1, n=0 m=2, n=0 m=0, n=1 m=1, n=1 m=2, n=1
TE,., (GHz) 26.36 52.72 52.72 58.95 74.56
TM,.. (GHz) - - - 58.95 74.56

Another important basic parameter that is needed in the design of microwave waveguide
components is the so called guided wavelength, which is defined as the as the distance between
two equal phase planes along the waveguide. This quantity depends on the lower cutoff
frequency of the waveguide and is longer than the corresponding wavelength in free space,
meaning that the dielectric constant inside the waveguide is less than unity. The guided
wavelength is very useful when designing stepped waveguide transformers sections [112] that
match smoothly waveguide sections with different cross-section sizes and therefore with different
impedances. The typical waveguide length of these sections are equal or closer to the % of a
guided wavelength, calculated at the center frequency of the designed device bandwidth, which
then results in a minimization of the standing waves generated between two waveguides with
different impedances [113]. The guided wavelength in a rectangular waveguides is given by:
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Where:

a = waveguide inside width
¢ = speed of light
f= frequency

In general, rectangular waveguides are made of high conductivity metals such as steel,
aluminum, cooper or even brass, but then coated internally with a very thin layer of a high
conducted metal such as silver or gold. Thus, there will be attenuation on the transmitted signal
that will depend on the frequency, waveguide material, propagation mode type, cutoff wave-
number, waveguide cross-section dimensions, and length of the waveguide section. Table 32
summarizes the most common materials used to construct (or to coat) waveguides and waveguide
devices and their corresponding conductivities.

Table 32: The conductivity of different materials chose to coat the inside walls of the rectangular
waveguide. Values were taken from [114].

Material Conductivity ¢ [S/m]
Silver 6.17 x 10’
Copper 5.80x 10’
Gold 4.10x 10’
Aluminum 3.54x 10’
Brass 1.54 x 10’

According to [115], the attenuation losses of the TE;p mode inside a waveguide was can
be calculated from the following equation:

a2 (2bkc210 + akoz) [Np/m]

aTEm - bﬂlo (101)

Where the surface resistance R, is given by:

-

And the phase constant £y, the wave number in free space ky, and the TE;) mode cutoff wave-
number k. ;9 are given by:

99



27[_%
ko—;{_o_ ¢ [ml]
kclo_g [ml]

The impedance of free space Zy = 377, permeability of vacuum py = 47-10” H/m, speed of light
in vacuum ¢, = 3-10° m/s (speed of light in vacuum), and the conductivity ¢ of the waveguide
material (see Table 32).

Figure 79 illustrates the different theoretical attenuation obtained when using equation 101
for a WR-22 standard waveguide size made of (or coated with) different materials listed in Table
32. The calculations were performed with the help of Matlab and cover the frequency range from
31-to-45 GHz.
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Figure 79. The TE ;) mode attenuation as a function of frequency for a WR-22 waveguide using different materials.

As it can be confirmed in the attenuation results shown in Figure 79, the material that
contributes with more attenuation is brass, while the best performance is given by silver and
cooper. The problem when using silver and cooper materials is that they oxide with time, which
is the opposite case gold and aluminum that are much less sensitive for oxidation. However, gold
is too expensive and, therefore, for the construction for our OMT device, as it was also for the
case of the spline-line corrugated horn, the choice of material was aluminum. Moreover,
aluminum is easy to machine, cheap for mass production and, even if it attenuates more the signal
than other materials, this is not a big concern since the waveguide channels of the proposed OMT
design will only be few centimeters long, making the total signal attenuation of such device not
very significant.
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5.3 Orthomodal Transducer Design

The “Dual Ridge” Orthomodal Transducer that we are interested to construct is based on
S. Asayama’s work for the ALMA Band-4. This OMT device was designed to work from 125-to-
169 GHz, which corresponds to a 30% of bandwidth, and should be fully scalable. On the other
hand, our Band-1 design will cover the frequency range of 31-to-45 GHz that corresponds to a
36% of bandwidth. Then, if the Band-4 OMT is scaled down to fit the Band-1 requirements, this
fitted polarization diplexer device will have approximately a 6% of bandwidth out of
specifications. In summary, we will need to optimize and redesign the most critical section parts
of the original Asayama’s design. Those sections are: (1) the dual-ridge section which splits the
vertical and horizontal components of the detected signal in two different channels, (2) the E-
bend section that changes the propagation direction with 90 deg of the outgoing vertical
polarization signal generated by the dual-ridge section, and (3) the Y-combiner section that
brings the two horizontal output channels that were split with equal amount of power by the dual
ridge section.

All simulations and optimizations were performed using Ansoft HFSS. The optimizations
were carried out using Optimetrics which is a powerful in-built HFSS capability that can perform
fast automated parametric analysis and optimization. The main steps used to find the best
optimized design on each one of the OMT main sections and the final OMT devices were the
following:

1) A preliminary scaled model, taken from a previous existing and published literature
design, was simulated in HFSS.

2) If the performance was not good enough, we proceeded to identify the most critical
waveguide parts of each section that needed to be optimized. Then, we made an
improvement in its geometrical structure according to the proper designing theory. We
used a reflection minimum optimization target of -20 dB or less, to conclude the
simulation.

3) We proceeded to a further optimization that takes into account a size reduction on the
OMT section under study, keeping the same reflection target as before to finish the
optimization.

4) If all the sections do fulfill the specifications, the next step is to connect all the parts
together and perform a new fine tune optimization of the whole OMT until all the

requirements listed in Table 30 are reached.

5) If the final OMT design is satisfactory, the device is constructed and measured. If not,
steps 2 through 4 are repeated again until we reach the desired performance.
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5.3.1 Dual-ridge Section Design

The dual-ridge waveguide polarization splitter concept was first introduced by A.
Dunning [116], which it is the most important OMT section since it is responsible to split the
measured signal into two orthogonal polarization channels. In this design, the vertical
polarization input signal is concentrated between the two ridges at the center of the square
waveguide and then exits the section trough a straight waveguide called “main-arm”. Meanwhile,
the horizontal polarization is split trough into two independent “side-arm” channels (with an
equal amount of power) using the so called right-angle-miter bends design for each arm [117]
(see Fig. 80). Due to its symmetrical geometry, the higher order modes are very unlike to be
excited inside the dual-ridge section structure.

When optimizing this section, it was noted that the reflection losses decrease with the
ridge thickness, but then, the number of step need to be increased. For the case of the horizontal
polarized signal, its reflection loss did decrease as the size of the main arm height decreased, but
it also depended of how the so called E-plane bifurcation aspect ratio between b,, (mitre-wall-to-
right-corner edge to the displacement) and the waveguide height b was designed [119]. Even
when optimizing each polarization S-parameter independently, there was found that when
improving one polarization channel performance, the other got worse and vice versa. So both
polarization channels needed to be optimized at the same time when using Optimetrics, which
was a very time consuming simulation process. In Figure 80 are shown the final simulated dual-
ridge optimized results (left) and the final geometry (right). The simulated return loss was better

than -22 dB for vertical polarization channel, while for the horizontal channel, a performance less
than -28 dB.

OMT Dual-Ridge Section: HFSS Simulation
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Figure 80. Lefi, the optimized OMT dual-ridge simulated insertion and reflection losses results. Right, the HFSS
simulated section geometry showing it input port la and 1b, output ports 2a and 3a-3b, and their respective
polarization defined states V (vertical) and H (horizontal). Note also that the red arrow denotes the vertical
polarization part of the signal while the blue one denotes the horizontal polarization.
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5.3.2 E-bend Section Design

The main arm output of the OMT dual-ridge section that transmits the vertical polarized
signal, has a height of 1.395 mm. Therefore it needs to use a stepped waveguide transform
section [110] to match properly with the impedance of the OMT vertical output port that uses a
WR-22 standard dimension. Furthermore, this waveguide output port needs to be re-directed by
using an E-bend section of 90 degrees [118] not to collide with the OMT horizontal output port.
Taking into account these two facts and also adding the need of minimizing the section size and
accomplish the -20 dB reflection requirement, we found out that the best optimization results of
this section was achieved when using a 3-step stepped transform section together with a 2-step
E-bend section designs. The final geometry shape of this section is shown in right part of Figure
81. At the left panel of Figure 81, the final optimized simulation results of the E-bend section are
presented. The return loss was less than -25 dB for the whole band.

OMT E-Bend Section: HFSS Simulation
0.2 T T T T T

g
)
T 01 g
@
0
o
- 0
=
L2
2 -01
£
-0.2 .

30 32 34 36 38 40 42 44 46

0 T T T T T T T —
o Reflec V - —ta = g 2
< -10f E e = T
@ - S5 -~
@ — ==
3 S S o
- 20 B ) R -
2
o
g -30f 1
Q o L 20 fmm)
@

-40 1 1 I I I I
30 32 34 36 38 40 42 44 46

Frequency (GHz)

Figure 81. Left, the optimized OMT E-bend simulated insertion and reflection losses results. Right, the HFSS
simulated section geometry showing it input port 2a, output port 2, and it respective polarization state V.

5.3.3 Y-combiner section Design

The Y-combiner, also called Y-power combiner [119], is used to simultaneously combine
or separate two orthogonal linearly-polarized microwave signals. In our case it will be used to
join together the two horizontal polarized side-arm channels that were split by the dual-ridge
OMT section. Our design is based on the design presented in [120], which is similar to the
Asayama’s design, but with the only difference that we used a 3 stepped waveguide transformer
[121] to match those signals with the WR-22 output port3, rather than the 2 stepped one used in
the ALMA Band-4 OMT. The final optimized section geometry is shown at the right panel of

103



Figure 82, while the simulation results are shown at the left side panel of the same figure. The
simulated return loss was better than -22 dB for our final design.
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Figure 82. Left, the optimized OMT Y-combiner simulated insertion and reflection losses results. Right, the HFSS
simulated section geometry showing its input ports 3a and 3b, output port 3, and its respective polarization state H.

5.3.4 The Final Optimized OMT Design

After the optimization of each one of the OMT’s three main sections, they were joined
together to give the final device’s shape and size. First the vertical dual ridge output waveguide
was connected directly to the input waveguide of the E-bend section. Secondly, the dual-ridge
horizontal ports were connected to both input ports of the Y-combiner junction by using E-bend
sections with a common radius on all the four bend section comers. By re-optimizing the
dimensions of the stepped waveguide transition of the input part of the E-bend section, and also
optimizing the radius of curvature of each one of the horizontal waveguide channels corners, the
final model of our OMT design was achieved as it is shown in Figure 83. Its final dimensions

were 30x50x70 mm’. In the appendix, section 7.3, the CAD dimension details of this final OMT
design can be found.
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Figure 83. The final optimized HF'SS OMT geometry showing its main section parts, input and output ports with
their respective defined polarization states.

The final predicted performance is shown in Figures 84 and 85. The reflection losses, for
both polarization channels were equal or less than -20 dB, while the cross-polar loss and isolation
were better than -55 dB and -70 dB respectively. It seems that the periodical cross-polar peaks

appearing on Figure 84 are some kind of resonances that start at 32 GHz, appear again at 39 GHz,
and finish closer to 45.3 GHz.

OMT Final Design: HFSS Simulation
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Figure 84. Isolation and reflection losses simulations of the final optimized OMT design shown in Figure 82.

Observe that the reflection losses fulfills for both polarizations with the -20 dB specification even if the results are
very tight at the end of the band.
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OMT Final Design: HFSS Simulation
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Figure 85. Simulated cross-polarization and isolation results obtained for our final optimized OMT model shown in

Figure82. Both, the cross-polarization and isolation results fulfill the requirements with large margin for the entire
band.

5.4 Circular to Square Transition

An “octagonal” shaped square-to-circular waveguide transition was designed to couple
the horn circular waveguide output together with the square input port section of the OMT. This
device splits the unpolarized signal received by the feed horn into two orthogonal linearly-
polarized components V and H. In other words, it decomposes the TE;; mode signal incoming
from the horn circular waveguide output into to a couple of orthogonal polarized TE(; and TE;
modes that propagated through the square waveguide input of the OMT. The main advantage of
such transition geometry, which was first adopted by S. Asayama for the ALMA Band-5 receiver

project [121], is that it is very fast to be optimized with HFSS, and compact and easy to be
constructed.

This waveguide transition structure can be fully determined with a two box geometry,
each one of them centered at the same point but with one of the boxes rotated by 45 deg with
respect to the other. Then, by using tree variables, the depth, being common for both boxes, and
the side-length, one for each square box, the transition was fully optimized with the help of
Optimetrics. The intersecting area between the two boxes makes the wanted transition as it is
shown in Figure 85. The final simulated transition showed reflection losses better than -30 dB,
and its insertion loss was quite low and flat at all frequencies as shown in Figure 86. The final

dimensions were of 2.21 mm in length, and the radius of the octagonal aperture varies between
2.69 to 3.21 mm.
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Figure 86. The HFF'S structure used to simulate the performance of the transition showing it defined polarization
states V and H.

Circular to Square Waveguide Transition: HFSS Simulation
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Figure 87. Insertion and return loss of both polarizations obtained from the HFSS simulated structure shown in
Figure 86.
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5.5 Construction of the Devices

The final optimized dual-ridge OMT design was constructed using a high precision CNC
milling machine using split-block techniques made of Aluminum. The left panel of Figure 87
shows the 3 main split-block sections. The right panel shows the final assembled device with the
flange holes and pins adapted to WR-22 standard waveguide connections. The final overall
dimensions of the OMT were of 30 x 50 x 70 mm’. In Figure 88, the constructed square-to-
circular waveguide transition is shown. It also uses a standard WR-22 waveguide flange that
surrounds the octagonal waveguide aperture, which varies in size between 2.69 to 3.21 mm, and
with a depth of 2.21 mm. The CNC construction accuracy on both devices was less than 10 pm.

Figure 88. Left, the dual-ridge OMT, which it was constructed using split block techniques. Right, the assembled
OMT having a dimension of approximately 30x50%70 mm’

Figure 89. The constructed square-to-circular waveguide transition that it will be used to connect the horn with the
OMT. It height is of 2.21 mm the radius of the octagonal aperture varies between 2.69 to 3.21 mm.
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5.6 Experimental Results

5.6.1 Description of the OMT Measuring Setup

The experimental setup shown in Figure 90 was used for testing the OMT’s overall
performance. It uses an Agilent vector network analyzer, model E§364C, which has one of its
ports connected to the OMT input while the other one is connected to the output port of the OMT.
The remaining third port is connected to a proper load termination. Then, by rotating the
connections over all the device ports, a complete set of S-parameters can be obtained as a
function frequency range that we want to measure. It is important to mention that a rectangular-
to-squared waveguide stepped-transition and a special proper symmetric-termination was
designed and constructed in our Lab, to connect or terminated properly the square input of the
OMT.

Agilent Vector Network Analyzer

10-50 GHz coax. cable ——— T 1050 GHz coax. cable
ouTt IN
termination
‘port 3
waveguideto __ EH:::HW“ 1 port 2 —______ waveguide to

coaxial adapter coaxial adapter
OMT :

rectangular to quadratic rectangular waveguide
transition

Figure 90. Lab setup arrangement that it will be used to test the OMT performance.

The most important OMT parameters that can be measured and characterized with this
setup are: transmission, reflections, cross-polarization, and isolation losses.

5.6.2 OMT Measurements

Figure 91 shows the constructed 31-to-45 GHz dual-ridge OMT connected to the network
analyzer while performing the isolation measurements, where each one of the OMT output ports
are connect to a network analyzer line. The square input OMT port is terminated with a circular
load, which is first connected to square-to-circular wave guide transition. When performing the
transmission, reflection, and cross-polar measurements, the input port, one polarization port at the
time, is connected to the transmitting spectrum analyzer lines (which use an especial designed
rectangular-to-square waveguide adapter) while the other output ports, one is been connected to
the spectrum analyzer input cable and the other is terminated with a proper WR-22 rectangular
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load. The vector network analyzer was calibrated using Trough-Reflect-Line (TRL) calibration
standards [122].

Figure 91. This picture shows how the OMT isolation measurement were performed using the Agilent vector
network analyze and coupling it coaxial cables to the corresponding OMT’s vertical and horizontal waveguide
outputs. The OMT square waveguide input was terminated with a proper load that was also designed and
constructed at our Lab.

The insertion and reflection losses of the constructed OMT are shown in Figure 92. The
reflection loss is better than —18 dB, which is —2 dB higher than the simulations. The measured
cross-polar and isolation of the OMT shown in Figure 92, are less than —35 dB and better than —
59 dB respectively, which are higher than the expected simulated results performed with HFSS.
Despite these discrepancies, both measurements do complain with the OMT specification stated
in Table 30. The +0.1 dB insertion loss offset is probably due to the fact that the used calibration
standards are not as good as desired. Finally, it seems that the cross-polar resonant peaks shown
in Figure 93, are probably due to a poor impedance matching design in the constructed
rectangular-to-square waveguide transition used to connect the vector network analyzer output
cable with the OMT square input port.
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OMT Measurements
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Figure 92. Insertion and reflection losses taken for both polarization between 30 and 45 GHz.
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Figure 93. Measured cross-polar and isolation between 30 and 45 GHz.
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5.7 Horn-Transition-OMT Simulations with HFSS

As a part of this work, it also very important to check how both OMT polarization output
performances will be deteriorated, when including the square-to-circular waveguide transition
and the horn, all connected as a one piece of equipment. This was simulated in HFSS and the
results are presented in Figure 94, where the reflection losses and output ports isolation of the
OMT were used to characterize this behavior. The simulations showed a maximum reflection loss
of about —17 dB for the horizontal polarization and maximum of about —18 dB for the vertical
one, which is a deterioration of —2 to —3 dB with respect to the stand alone OMT simulation
obtained in Section 5.4, and about —1 dB of deterioration, for both polarization cases, if compared
with the measurements summarized in the previous Section. The worst isolation level for our
simulated OMT-transition-horn system was of about —48 dB, a deterioration of about and —16 dB
and —11 dB if compared with the OMT stand alone simulations and with its measured results
respectively. This comparison suggests that the OMT probably needs to be re-optimized so that,
for example, the simulated and measured reflection losses are be less than —23 dB for the entire
working frequency band. Finally, Figure 95 shows how the different standard modes, simulated
at 38 GHz, propagated from the horn input (TEM;;, HE;; and TE,) through the transition and
then into the OMT vertical (TE;¢) polarization output port. On the other hand, Figure 96 shows
the same simulation but instead it is highlighting the horizontal (TE;) polarization mode
propagation through the OMT output port.

Horn + Transition + OMT: HFSS Simulation

Reflec V

Reflee H |

Reflection Loss (dB)

Isolation (dB)

PR P IR
30 32 34 36 38 40 42 44 46
Frequency (GHz)

Figure 94. Horn-transition-OMT reflection-loss and isolation HFSS simulations performed between 30 and 46 GHz.
Note how at some frequencies, the reflection losses for both polarization states cross above the specifications when
coupling together all the elements.
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Figure 95. A HFSS simulation of the horn-transition-OMT showing how the vertical polarization “V” different
modes propagate through this system at 38 GHz. In the figure the circular-to-rectangular transition is been
highlighted in magenta color.
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Figure 96. A HFSS simulation of the horn-transition-OMT showing how the horizontal polarization “H” different
modes propagate through this system at 38 GHz. In the figure the circular-to-rectangular transition is been
highlighted in magenta color.
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5.8 Conclusions

The measurements results of the designed OMT, on both polarizations, exhibits return
losses better than —20 dB for almost the entire 30-to-45 GHz working range, with the only
exception at the band edges, where the obtained measured results shows a return performances
less than -18 dB. The measured insertion losses of the constructed device, are better than —0.5 dB.
The measured cross-polarization and insertion loss where less than —35 dB and —-58 db
respectively. In general, the constructed OMT performance showed agreement between the
experimental measurements and the expected simulation results.

The small deviation between the simulation and measurements are probably due to the
limited calibration quality and the insertion losses generated when connecting the rectangular-to-
square waveguide transition that was specially constructed to excite one of the input ports of the
OMT at a time, while performing the measurements. This constructed OMT showed to be the
right chosen design that comply with almost all the ALMA specifications that, as in the case of
the reflection losses, with a further more careful optimization, it can reach the desired
performance. One important test that it was not done due to at the time of writing this report was
to test the overall beam pattern performance of the whole optical system that includes the OMT,
the square-to-circular transition, the horn, and the lens. Instead, a simulation of the first three
microwave component predicts the overall return and isolation losses. This simulation showed
that the return loss was lower than —18 dB and the isolation was better than —45 dB, indicating a
good performance that although does not complains to a 100% with the specifications, it is very
close to them.
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Chapter 6

Discussion and Further Work

The aim of this thesis was to design, construct, and measure a complete low-noise optical
system for a 31-45-GHz radio astronomical receiver that complies with the ALMA Band-1
specifications and that will serve as a prototype for such important project. Through this
document, the most important parts of the designing theory, simulation procedures, construction
techniques, and the final measured performances of the lens, horn, and OMT, have been analyzed
and summarized. Most of the measured results are presented together with the expected result
from the simulations that we performed for each one of the developed devices. We have also
compared the results with the expected requirements and discussed about the improvements
needed in every design. The most important goals that were followed when designing the
different stages of the optical system were: (1) Minimize the noise contribution of each one of the
optical microwave devices by using proper materials and optimizing the truncation losses and the
final antenna efficiency with a suitable horn-lens design. (2) Optimize the transmission,
reflections, isolation, and cross-polar level of each one of the designed and constructed passive
microwave components. (3) Since the Band-1 microwave devices are physically larger than the
other bands, a lot of effort was put into minimize the size of each component, especially for those
that will be located on top of the 20 K stage plate.

We started our work by simulating 4 different optical system designs using quasioptical
beam calculations between the horn, lens/lenses, and the antenna subreflector. Those simulations
were optimized in terms of the lens dielectric materials, its total thickness, focal length, and its
focal distance from the horn aperture. It was found that the single bi-hyperbolic lens system,
made of HDPD, gave the best compromise between construction price and noise performance.
The estimated theoretical noise contribution of such optical system was of about 10 K for the
worst case, a value which is of about 4 K higher than when using the a optical system with a
quartz lens and 1 K higher than the ALMA imposed specification at any frequency inside the
working bandwidth of the receiver. However, the single HDPE lens system is cheaper and easy to
be constructed (including the machining of the antireflection grooves on its surface) making it the
best design choice, especially if 66 of them are to be constructed for the ALMA telescope.

From the estimated horn beam parameters, such as the beam-waist size and the beam-waist
position, which were obtained from the designed HDPE designed optical system, different horn
shapes were designed. The best obtained design have been the spline-line corrugated horn, which,
besides complying with all the imposed ALMA specifications, also has the mayor advantage of
being short an compact, making it very suitable to accommodate with the other receiver
components, such as the OMT and both HEMT amplifier blocks, inside the 15-K cryocooled
stage. The measurements obtained when testing the constructed spline-line horn using split-block
technique were excellent. Low side-lobes, low cross-polar levels, and symmetrical beam shapes
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were obtained which agree with the simulations and fulfill the specifications. Moreover, when
integrating the lens into the horn measuring setup, the beam shape was quite Gaussian and the
estimated farfield antenna beam efficiencies where quite satisfactory, but with a approximately
—2,5% lower than the 80% required for this band. This difference can be explained due to the
lack of accuracy when aligning the horn and lens during the measurements, which results in
lateral and axial defocus losses. The last component to be designed and constructed was the dual-
ridge orthomodal transducer. Our OMT model has two mayor advantages if we compare with
other existing designs at similar frequency range: it supports a large bandwidth (first of its kind)
and contains a square-to-circular waveguide transition that could be easily integrated in the OMT
block, making it a very compact device. Its measured performance showed a return better than —
18 dB, isolation less than —45 dB, and a cross-polarization better than —35 dB. Both the isolation
and measured cross-polar levels did comply with the specifications, while the return loss is still a
+2dB higher than expected. We believe that our constructed 31-to-45 GHz OMT can further be
optimized so, then, all the requirements can be reached. Since this device is simple to fabricate
and assemble, it will be a very suitable polarization splitting device that can be mass produced for
all the ALMA Band-1 receivers.

Summarizing all the results of each one of the designed components for our optical
system setup, we see that most of the ALMA specifications were complied, or were very close to
them. Therefore, our optical system makes a good candidate to be used in the Band-1 receiver,
but there are still a few improvements that need to be addressed. First, the spline-line horn needs
to be re-optimized so its diffracted energy, especially at low frequencies, does not increase the
total optical system noise contribution of the receiver. Secondly, it will be important to confirm
our quasioptical beam ray propagation model, used to design the optical horn-lens-subreflector
arrangement, with a more proper ray-tracing program (such as Zemax for example) that can
estimate with higher the accuracy the lens final focal length and tits distance to the horn.
Furthermore, once the lens shape is determined, the total lens thickness must be increased
according to the antireflection concentrical-grooves that must be machined on the lens surface to
minimize reflection losses, and it could also be necessary to measure experimentally the
refraction index and loss-tangent of the HDPE lens material to ensure accuracy when calculating
the quasioptical beam propagation of the optical setup. The final improvement that it is
recommended to be done is that, probably, the circular-to-rectangular waveguide transition needs
to be machined in the same aluminum block part of the OMT, which will probably make the
measured cross-polar levels come closer to the predicted values made in HFSS.
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Technical Drawing
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