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The radio astronomical receivers are devices that they measure the radio
emissions coming from celestial sources. Therefore, the aim of these devices is to
convert the weak electromagnetic energy from space into a measurable electrical
signal. The nature of the signal emitted by celestial sources imposes that such
receivers must be broadband, very sensitive and designed to measure noise. In
fact, the electromagnetic signal that the receivers must capture and measure, in
addition to being very weak, is a random signal with components uncorrelated
with each other, with different frequencies and with zero mean value (i.e. it is like
the thermal noise produced by a resistor subject to a temperature). Therefore, the
weakness and the peculiarity of these signals make the radio astronomy receivers
other than those used in the telecommunications.

It is in this context that the work of my PhD thesis has been developed. Three
different projects, that regard to the microwave subsystems of the radio
astronomical receiver, have been treated.

The first project is focus on the development of a new configuration of broadband
polarizer with very flat phase response in microtrip technology.

The second project is a feasibility study on the optics of a 3mm SIS receiver in
order to install it in the Gregorian focus of the Sardinia Radio Telescope.

The third project is fully dedicated on the development of a high performance
wideband feed-horn for a state-of-the-art multi-beam S-band (2.3 - 4.3 GHz)
receiver to install in the primary focus of the Sardinia Radio Telescope
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The radio astronomical receivers are devices that they measure the radio
emissions coming from celestial sources. Therefore, the aim of these devices is to
convert the weak electromagnetic energy from space into a measurable electrical
signal. The nature of the signal emitted by celestial sources imposes that such
receivers must be broadband, very sensitive and designed to measure noise. In
fact, the electromagnetic signal that the receivers must capture and measure, in
addition to being very weak, is a random signal with components uncorrelated
with each other, with different frequencies and with zero mean value (i.e. it is like
the thermal noise produced by a resistor subject to a temperature). Therefore, the
weakness and the peculiarity of these signals make the radio astronomy receivers
other than those used in the telecommunications.

The radio astronomical receiver is like super-heterodyne receiver and it can be
divide in three blocks: a feed-horn antenna, a front-end and a mixer. The feed-
horn antenna is positioned on the focus of the radio telescope. It is used to adapt
the antenna beam and to collect the energy that is accumulated by the mirror of
the radio telescope and concentrated on its focus. The dewar is a container,
usually cylindrical, and it contains all those devices that are involved in the
amplification of the signal (Low Noise Amplifiers, bandpass filters), in the
separation of the two linear polarizations (Ortho Mode Transducers) or circular
polarizations (polarizers) and in the calibration (directional couplers, power
dividers). All devices compose the front-end and work at cryogenic temperatures
(20°K -70°K). The very low temperatures allow us to minimize the noise
produced mainly by the amplifier. This device is fundamental to amplify the weak
signal. In addition, since the signal coming from the sky is unknown, it is need to
calibrate the receiver injecting a signal of known power (noise generator) by using
the directional couplers. The mixer allows shifting the frequency of the received
signal to a lower frequency, said intermediate frequency. This is necessary
because often the useful signals are at a frequency too high. With the mixer, there
are also the band-pass filters, the low noise amplifiers and the insulators. These
devices work at room temperature (300 ° K).

It is in this context that the work of my PhD thesis has been developed. Three
different projects, that regard to the microwave subsystems of the radio
astronomical receiver, have been treated.

In the first chapter, a brief description of the radio astronomy, the radio
telescopes, and in particular of the Sardinia Radio Telescope, and the radio
astronomical receivers is given.
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The second chapter is dedicated to describe the first of three project: the
development of a new broadband polarizer with very flat phase response in
microstrip technology. In collaboration with the University of Manchester, School
of Physics and Astronomy, I studied, manufactured and tested a new broadband
microstrip quadrature hybrid with very flat phase response. The novel design is
based on the transposition in microstrip technology of a combination of
waveguide components used to build particular broadband polarizers.

The third chapter is focus on the study of the optics of a 3mm SIS receiver to
install in the Gregorian focus of the Sardinia Radio Telescope (SRT). The
receiver, made by IRAM (Institute de Radio Astronomie Millimétrique) for the
Plateau de Bure interferometer (PdBI), has been purchased from the Astronomical
Observatory of Cagliari to test the performance of the SRT at the millimeter
frequencies (84 — 116 GHz). Since the IRAM receiver was originally designed for
the PdBI antenna, a new optical and mechanical configuration had to be studied to
adapt the instruments to the SRT optics and to its cabin mechanical structure.

The four chapter is fully dedicated to the development of a new high performance
wideband feed-horn for a new multi-beam S-band (2.3 - 4.3 GHz) receiver to
install in the primary focus of the Sardinia Radio Telescope. The novel design is
based on quad-ridged, properly modified and optimized, put inside in a circular
waveguide. The new configuration of the feed takes into account of all
requirements to work in multibeam receiver. The feasibility study of the
multibeam receiver with three, five and seven feed with the particular attention to
the study of the phenomena of coupling between the feeds has been made.
Unexpected presence of pulsed emissions very strong coming from radar systems,
we obligated to change the specifications of the feed design. A new S-band feed
has been designed with a frequency range of only 40% percent bandwidth (3-4.5
GHz). The new configuration of a quad-ridge horn antenna shows performances
in accordance with the project specification.

12



Chapter 1: Radio telescopes

1.1.Radio astronomy [1]

Radio astronomy is a branch of astronomy that studies celestial sources at the
radio wavelengths contrary to optical astronomy that studies celestial sources at
the visible frequencies. Radio astronomy originated in 1932 when Karl Jansky
discovered the radio emission from the Milky Way. Karl Jansky worked as
engineer with Bell Telephone Laboratories and, in the 1932, was given a charge to
study the origin of atmospheric interferences that interfered with transatlantic
voice transmissions. Therefore, he built a large directional antenna to detect these
interferences. Although most of these could be attributed to thunderstorms,
aircraft, or power lines, Jansky also noticed the presence of a weak background
signal that seemed to come from outer space. The receiver system, composed by a
square loop antennas array and a receiver at 20.5 MHz with a bandwidth of 1 KHz
(Fig. 1.1), had a good sensibility and a good stability. Besides, this receiver
system could be rotated in azimuth to determine with certainty the direction of the
interferences.
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Fig.1.1: Jar‘lsky’s antenna that first detected extra-terrestrial RF radiation.

These characteristics of the receiving system allowed him to isolate the cosmic
radiation. Since the signal peaked about every 24 hours, Jansky originally
suspected the source of the interference was the Sun crossing the view of his
directional antenna. However, by comparing his observations with optical
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astronomical maps, Jansky concluded that the radiation source peaked when his
antenna  was aimed at the densest part of the Milky Way,in
the constellation of Sagittarius. Furthermore, he stated that the strange radio
interference may be generated by interstellar gas and dust in the galaxy.

The accidental discovery of Jansky, who began the radio astronomy, was not
taken into account at first. Only in 1937, a radio amateur, Grote Reber, decided to
continue observations of Karl Jansky. He built, in his backyard, the first prototype
of the modern radio telescope (Fig. 1.2). It was a parabolic radio telescope of 9.5
m in diameter, built on a solid wood frame, with a receiver at 160 MHz with a
good sensibility.

Fig. 1.2: Reber’s radio telescope.

The radio telescope could scan different areas of the celestial sphere by varying
the inclination of the antenna and taking advantage of the Earth's rotation. He
began by repeating Jansky's observations and he conducted the first sky survey in
the radio frequencies. In this way, he was able to prove the validity of the
discovery of Karl Jansky because he revealed the strong emissions along the plane
of the Milky Way. After collecting enough data, in 1944 he published the first
radio frequency sky map (Fig. 1. 3).
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Fig. 1. 3: Copy of first radio frequency sky map by Reber.

After the World War I, radio astronomy developed rapidly, and has become of
vital importance in the observation and study of the universe. In 1963, Schmidt
discovered the first QUASAR (Quasi-stellar Radio Sources). QUASAR is the
most energetic and distant members of extra-galactic objects. Quasars are smaller
than normal

galaxies, but extremely Iluminous and identified as being

high redshift sources of electromagnetic energy (Fig. 1.4).

ROSAT PSPC
Sky Survey
3C 273
0.1-24 keV

Fig. 1.4: First quasar discovered 3C 273.
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In 1965, Penzias and Wilson discovered the cosmic microwave background
radiation at 2.726K, during their studies of noise sources of the first satellite
broadcasting by means of a microwave radiometer invented by Dicke in the 40s.
This cosmic background radiation is an isotropic radiation present in the universe
that is independent of the direction of antenna pointing and time of observation
(Fig. 1.5)

Fig. 1.5: Cosmic microwave background; the horizontal band at the centre of each image is due to
the emission of our galaxy, which is added in remarks to background radiation.

This discover is one of the greatest proofs of the Big Bang. This radiation seems
to be the fossil residue caused by the subsequent expansion of the radiation that
permeated the universe in its first moments of life.

In 1967, Hewish and Bell discovered the first PULSAR (Pulsating Radiosource:
PSR). Even in this case, the discovery occurred randomly: two scientists studied
compact radio sources quasar by analysing the phenomenon of scintillation of
these sources. The recordings, however, showed substantial and regular signal
fluctuations. Optimizing the time constant of the receiver, they highlighted a
series of pulses characterized by a regular repeat period and theoretically,
generated by objects in the final stages of their evolution. These were pulsars or
neutron stars (Fig. 1.6).
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Fig. 1.6: Copy of the chart recorder output on which are the first recorded signals from a pulsar
(PSR B1919+21).

From the second half of the 60s to the present day, radio astronomy research and
technology are increasingly side-by-side. In fact, today the radio astronomy is not
just a collection of the results, but also a science concerned with the instruments
used to gather data. Technology has improved the radio interferometric techniques
by using state-of-art hardware and software that allowed us to develop "radio
images" of the observed objects increasingly defined and reliable, by means of the
processing of data in a timely manner.

In conclusion, radio astronomy research in Italy began in 1942 at the Arcetri
Astrophysical Observatory (Florence) with studies of solar radio emission.
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1.2.Radio telescopes [2-3]

Radio astronomy is conducted using large radio antennas referred to as radio
telescopes, that are either used singularly, or with multiple linked telescopes
utilizing the techniques of radio interferometry and aperture synthesis. Radio
telescopes are reflector antennas that collect the radio power from the distance
celestial sources. Reflector antennas, used in radio astronomy (Fig 1.7), consist of
one or more mirror(s), where the primary mirror is very large in terms of
wavelength because astronomical signals are extremely weak.
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Fig. 1.7: Radio telescope.

There are different configurations of reflector antennas, depending on mirror type,
number of mirrors, optical geometry, etc. The most common mirror types are
paraboloid, hyperboloid and ellipsoid. The reflectors can be symmetric or offset,
shaped or unshaped. They can have one, two or more mirrors, which may be
arranged in Gregorian, Cassegrain, beam-waveguide configurations. In all of these
configurations, the primary mirror is a paraboloid and focuses plane waves from
distant sources onto a single focal point F (Fig. 1.8).
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Fig. 1.8: Reflector antenna optical configurations used in radio astronomy [3].

The Gregorian configuration comprises an ellipsoidal secondary mirror in
addition to the parabolic primary. The focal point of the parabola, F, and one of
the foci of the ellipsoid, F1, coincide; the feed antenna is located or at the focal
point of the parabola, F (primary focus), or at the other focal point of the ellipsoid,
F2 (secondary focus). The Cassegrain configuration comprises a hyperboloidal
secondary mirror in addition to the parabolic primary. The focal point of the
primary coincides with the hyperboloid's focal point behind the secondary mirror
F1; the feed antenna is located or at the focal point of the parabola, F (primary
focus), or at the other focal point of the hyperbole, F2 (secondary focus). The
difference between the symmetric configurations and the offset configurations is
the aperture blockage due to the secondary mirror, which reduces the aperture
efficiency of the antenna.
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Some example of parabolic-reflector radio telescopes are:

e Arecibo (Puerto Rico), is the largest curved focusing dish on Earth; the
main collecting dish is 305m in diameter, constructed inside the
depression and oriented toward the zenith (Fig.1.9a);

o Effelsberg (Germany) is the biggest radio telescope single dish in Europe;
the main dish is 100m in diameter (Fig. 1.9b);

e SRT (Sardinia Radio Telescope), in Italy, is the biggest radio telescope
single dish in Italy; the main dish is 64m in diameter.

Fig. 1.9: Arecibo radio telescope in the left and Effelsbeg radio telescope in the right.

To solve the problem of low resolving power and thus avoiding the realization of
antennas with diameters larger and larger, Michelson developed a system known
as interferometry principle, that is, exploit the work simultaneous and
synchronized of more antennas away from each other but which increase virtually
the receiving surface system receiver.

Two different configurations use this principle. In the first case, the astronomical
interferometry consists of more antennas, with a very small diameter, distributed
on a particular system rail or fixed and equivalent to a big collecting area. Some
examples:

e VLA (Very Large Array) in New Mexico, consists of 27 antennas, each
25m in diameter, distributed on a system of rails shaped like a "Y" of 36
km length with resolving power like an antenna single dish with 130m of
diameter;

e Plateau de Bure Interferometer (France) consists of six antennas, each 15
m in diameter, distributed on two rails that enable the antennas to be
moved up to a maximum separation of 760 meters;

e SKA (Square Kilometer Array) is currently the biggest radio telescope
project and it will consist of roughly 3000 dishes and possibly many more
dipole elements, which, in aggregate, will amount to a square kilometer
collecting area.

In the second case, the astronomical interferometry is called VLBI (Very Long
Baseline Interferometry). It consists of multiple radio telescopes distributed on
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Earth that observe the same celestial source in the same moment. This allows us
to emulate a telescope with a size equal to the maximum separation between the
telescopes. The distance between the radio telescopes is calculated using the time
difference between the arrivals of the radio signal at different telescopes. Both the
American network and the European network performs the VLBI observations.
Italy contributes with SRT and two stations, constructed for the purpose, one
located in Medicina, Bologna, and the other in Noto, Sicily (fig. 1.10). Each
station is a single dish antenna with a diameter of 32 m, fully adjustable in
azimuth and zenith, operating on the frequency bands between 327 MHz and 24
GHz.

Fig. 1.10: I-VLBI

1.3.Sardinia Radio Telescope

The Sardinia Radio Telescope (SRT) [4] is a new ltalian radio telescope located
on the Sardinia Island, Italy (Fig. 1.11). It is fully steerable 64-m diameter radio
telescope capable of operating with high efficiency from 300 MHz up to 115
GHz.
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Fig.1.11: Sardinia Radio Telescope (SRT).

The antenna is based on the shaped Gregorian optical configuration (fig. 1.12),
obtained with the primary mirror “nearly” parabolic and the secondary mirror
“nearly” elliptical. The shaped design improves the antenna performance,
conserving at the same time the desirable characteristics of a pure classical
Gregorian configuration.
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Fig. 1.12: SRT optical configuration.
In fact, the primary mirror is made-up of 1008 individual aluminium reflecting
panels and 1116 mechanical actuators. In this way, it is possible modify the shape

of the primary surface by means on individual panels, and correct the deformation
of the surface induced by the gravitational and thermal deformations. It is also
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possible convert the shaped primary reflector into a parabolic one to allow
primary focus operations at relatively high frequencies. The secondary mirror is
made-up of 49 individual aluminium panels.

This optical configuration, that reduces the spillover and the standing wave
bouncing between the two reflectors and improves the antenna efficiency, allowed
us to design SRT with six different focal positions that operate in different
frequency ranges. This is a peculiar characteristic of SRT and makes the antenna a
highly flexible instrument. The focal positions are:

e Primary (F1) with F/D ratio of 0.33 and frequency range between
300MHz+20GHz;

e Gregorian (F2) with F/D ratio of 2.35 and frequency range between
7.5GHz+115GHz;

e Beam-Wave Guide (F3, F4, F5, F6) with F/D ratio of 1.37 & 2.84 and
frequency range between 1.4GHz+35GHz.

The primary focus has a feed edge illumination of 74°with 12-15dB of edge taper,
while for the Gregorian focus the half angle is 12° with 9-12 dB of edge taper [5].

Basically, the tasks SRT must carry out are four:

e Working as single dish antenna: it is able to explore vast regions of the sky
both with continuum observations and with spectral line observations;

e Create the first completely Italian VLBI network (I-VLBI) and bring a
large contribution to the European VLBI (EVN), making it competitive
compared to the US network (VLBA);

e Bring benefits to European Geodynamics Network because its
geographical position favours the study of the morphology of the
Mediterranean area and the convergence of the Eurasian and African
plates;

e Track interplanetary probes NASA-ESA missions and perform
experiments to space science since it is able to operate in transmission
mode in the X-band (8.8 GHz) and Ka (32-35 GHz).

At the moment three receivers have been already installed and working: a dual-
frequency L-P Band from F1 operating simultaneously in the frequency ranges
between 0.305-0.410 GHz (P band) and 1.3-1.8 GHz (L band)[6]; a mono-feed C-
Band working at 5.7-7.7 GHz from F3 and a seven-feed K-band able to observe
the sky from F2 between 18-26 GHz[7].
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1.4.Radio astronomical receivers [2-8]

The radio astronomical receivers are devices that measure the radio emissions
coming from celestial sources [2]. Namely, these devices convert the weak
electromagnetic energy from space into a measurable electrical signal. Such
receivers must be broadband, very sensitive and designed to measure noise
because of the nature of the signal emitted by celestial sources. In fact, the
electromagnetic signal that the receivers must capture and measure, in addition to
being very weak, it is a random signal with components uncorrelated with each
other, with different frequencies and with zero mean value; i.e. it is like the
thermal noise produced by a resistor subject to a temperature. Therefore, the
weakness and the peculiarity of these signals make the radio astronomy receivers
other than those used in the telecommunications.

The radio astronomical receiver (Fig. 1.13) is like super-heterodyne receiver and it
can be divide in four blocks: a feed-horn antenna, a front-end, a mixer, and a
backend.

Dewar 1st Mixing Stage 2nd Miang Stage

I MDisplay

|
l
[
l
J
!
l
|
|
|
|

Fig. 1.13: Block diagram of a radio astronomical receiver.

The feed-horn antenna is positioned on the focus of the radio telescope. It is used
to adapt the antenna beam and to collect all the energy collected by the mirror of
the radio telescope and concentrated on his focus.

The dewar is a container, usually cylindrical, and it contains all those devices that
are involved in the amplification of the signal (Low Noise Amplifier, bandpass
filters), in the separation of the two linear polarizations (Ortho Mode Transducer)
or circular polarizations (polarizer) and in the calibration (directional couplers,
power divider). All devices compose the front-end of receiver and work at
cryogenic temperatures (20°K -70°K). The very low temperatures allow
minimizing the noise produced mainly by the amplifier, which it is required to
amplify the weak signal. In addition, since the signal coming from the sky is
unknown, it is necessary to calibrate the receiver by injecting, using the
directional couplers, a signal of known power (noise generator).
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The mixer allows shifting the frequency of the received signal to a lower
frequency, said intermediate frequency. This is necessary because often the useful
signals are at a frequency too high. With the mixer, there are also the band-pass
filters, the low noise amplifiers and the insulators. These devices work at room
temperature (300 ° K).

The Backend is last block of the receiver chain. It analyse the polarization, time
structure or spectral properties of broadband radiation. In particular, this block
measure Stokes parameters as a function of time, frequency, polarization status.
For this reason, there are different backends depending on the nature of the
observations: total power, polarimetry, spectroscopy, interferometry, pulsar
(search and timing). It can also record the instantaneous field E(t) for further
processing like VLBI/ Remote interferometry or it can combine of the above (e.g.
spectropolarimetric interferometry). It consists of A/D converter, FPGA based
boards, and GPU based nodes.

All of the elements aforementioned limit the sensitivity of the receiver because
cause the thermal noise. Since the receiver must measure weak signals, this noise
merges with the signal of interest and, then, it is indistinguishable. Therefore, to
characterize the quality of the receiver we define the noise temperature of the
system Tsys. If Tsys is the noise temperature of system, B is the bandwidth of the
receiver, N is the number of records, and 10 is the time constant of the integrator;
the minimum detectable signal AT is:

Tsys °
AT = W [°K] [1.1]

Equality is valid if the receiver is ideal, that is perfectly stable.
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Quadrature hybrids are 3dB directional couplers with 90° phase difference in the
outputs and these devices are four-port network [22]. Quadrature branch-line
hybrids are passive components widely used at microwave frequencies to design
transmitting and receiving systems. In particular, the quadrature hybrid is an
element largely used in the radio astronomical receivers. It is installed between a
corrugated horn that collects the radiation from the telescope and an ortho-mode
transducer that separates the orthogonal polarizations and it is used to modulate
the tiny input signal from the sky, so as to accurately recover the polarization state
in the presence of noise. These devices can be realized by using either waveguide
or planar technology. In the latter case, branch-line hybrids can be very small
compared to their waveguide equivalents. In general, good performance and the
required 90° phase response are normally achieved only within narrow
bandwidths, 10-20% around the central operational frequency, because of the
quarter-wave length requirements.

When the previous components are used in radio astronomy, broadband
performances and very flat phase-response are required [13]. In fact, the polarizer
with very flat phase response is fundamental in polarimetric observation where
the main issue is the calibration between left and right polarizations. Left and right
polarizations have to be phased correctly so as to get cross-correlations and,
finally, calculates the Stokes parameter. A spurious phase shift between left and
right circular polarization causes a rotation of the observed polarization angle by
an amount that increases linearly with the frequency. This effect is more
noticeable as the deviation from flat phase-response increases.

In this chapter, we will propose a new quadrature hybrid that overcomes the above
limits. The design is based on the transposition in microstrip technology of a
combination of waveguide components used to build broadband polarizers [9-12].
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2.1.Concept

Rectangular waveguide phase-shifters can be realized using dual polarized
circular waveguides and a combination of 90° and 180° differential phase sections
[9], i.e. using Quarter-Wave Sections (QWSs) and Half-Wave Sections (HWSSs)
respectively [10]-[11]. In these designs, a rectangular-to-circular waveguide
transition transforms a TE10 mode into a circular waveguide TE11 mode. A 45°
oriented QWS converts it into an RHCP mode. An HWS, arbitrarily rotated by an
angle 9, introduces a phase-shift equal to 23. A second QWS, parallel to the first
one, brings back to the TE11 mode. A final circular-to-rectangular waveguide
transition restores the TE10 mode. As proved in [11], this configuration provides
a frequency-flat phase-shift response equal to twice the mechanical rotation angle,
i.e. Ap=29.

It is possible to modify the above design removing the input and output
transitions. This dual polarised device, QWS45 x HWSS x QWS45 introduces
opposite phase-shifts on the two orthogonal x and y polarisations: A¢=+29. It is
clear that a device of this type, with the internal HWS rotated by 9=22.5°, would
introduce phase-shifts of A¢=+45° with an overall 90° phase-difference between
the two orthogonal polarizations. This QWS45 x HWS225 x QWS45
configuration behaves like a waveguide polarizer with phase response very flat
across the band. This polarizer can be rotated by 45° and be used to convert x/y
polarizations to RH/LH circular polarizations very efficiently. A very broadband
waveguide polarizer based on this idea has been develop [12].

The key idea of this work is that the matrix of a quadrature hybrid is equivalent to
the matrix of a waveguide polarizer rotated by 45° having set a correspondence
between the polarizer x and y directions and the Ports 1 and 4 of the hybrid (Fig.
2.1). In particular, a new planar quadrature hybrid, proposed here, is the
microstrip transposition of the broadband waveguide polarizer discussed above.

Zo/S2

ZO Zo

(Input) Pi P2  (Output)
[ -3 Z Zo
X

(Isolated) Pas Pa  (Output)

Zo Zo

Zoll2
Quarter Wave Section at 45° Quadrature Hybrid

Fig. 2.1: A planar quadrature hybrid is equivalent to a waveguide polarizer rotated by 45° setting a
correspondence between the x and y polarized modes and port 1 and 4 of the hybrid.
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2.2.Design

In the design of optical systems, lossless dual polarized devices can be modelled
using the 2x2 Jones matrix formalism [14]. In a generic optical system, if the
electric field vectors of the incoming and outgoing signals are defined

. - _ Ex = _ E’x . _ a b
respectively as E = (Ey> and E' = <E’y>’ the Jones matrix | = (C d) of the
optical system relates them according to following equation:

2 B E’x _(a b Ex
F'=JF > <Ey> _ (C d) (Ey> [2.1]

An ideal QWS with the fast axis parallel to the x axis has a matrix: QWSy. =

%((1) ?) whereas the matrix of a QWS rotated by 9=45° will be: QWS,s. =

%(} _11) This latter 4-port device splits both the x and y components of the

incident field into two 3dB output signals with +90° phase-shifts. In strict
analogy, a quadrature hybrid also is a four-port device that splits two input signals
(on Port 1 and 4) into two 3dB output signals (Port 2 and 3) with +90° phase-
shifts. In the first case the device has two dual polarized circular waveguides; in
the second case there are four single mode waveguides or planar transmission
lines (Fig. 2.1).

The broadband waveguide polarizer has its fast axis aligned with the x axis, i.e. at
0°:

POLO = QWS45 x HWS22.5 x QWS45. [2.2]

In order to use the analogy with the quadrature hybrid, we need to rotate it by 45°:

POL45 = QWS90 x HWS67.5 x QWS90. [2.3]
In addition, the HWS can be made cascading two QWSs:
HWS67.5 = QWS67.5 x QWS67.5. [2.4]

and so the final Jones matrix of our device will be:
POL45 = QWS90 x QWS67.5 x QWS67.5 x QWS90. [2.5]

In conclusion, in order to design a broadband microstrip hybrid we need to design
two circuits with their scattering matrices equivalent to a QWS rotated by 90° and
67.5° and then cascade them following the configuration in equation [2.5].

In microwave engineering, N-port networks are described using the scattering
matrix S. This relates the voltage wave vector incident on port n, [V}, ], to the
voltage wave vector reflected from port n, [V,;F], according to the following
equation:
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Vl_ Sll 512 e Sln V1+
W= SV - [V | =[5 S San|vi [2.6]
il sw se s |w

where the elements Sij (i # j) represent the relation between the voltage wave
incoming on port j and the voltage wave outgoing on port i; the elements Sii
represent the relation between the voltage wave incoming and outgoing on the
same port i. Considering the definition of Sij, it is possible to find a
correspondence between some of its elements (those related to the transmissions)
and the Jones matrix elements. Referring to the Jones and scattering matrix four-
port networks shown in Fig. 2.2, it is possible to write the following relationships:

a = ? d % = 521 = 512 [27&]
x 1
b== o @ = S24 = Sa2 [2.7b]
Ey v;
EI V_
Cc = E_z g % == 531 - 513 [270]
Ej -
d=2> © Vi+ = S34 = S43 [2.7d]
Ey v,
; ] [] |
: ¥ '
v A4
E, E'K Portl Port2
Ey N >< > E, Port4 <« ><  Port3
A A
A A '
(@ i (b)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig. 2.2: Four-port network associated to an optical device using the Jones formalism (a) and that
associated to a microwave device using the scattering matrix formalism (b).

The relations [2.7] allow to find the scattering matrices representing the two
rotated QWSs required to design the quadrature hybrid. Knowing that the Jones
matrix of a QWS rotated by an arbitrary angle 9 has the following elements:

a = cos?9 + jsin?V [2.83]
b = (1 —j)cosOsing [2.8b]
¢ = (1 —j)cosIsind [2.8¢]
d = sin?9 + jcos?9 [2.8d]

it is possible to find the scattering matrix of the equivalent four-port device:
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The form of this matrix is the same as that of a branch-line coupler with arbitrary
power division. There are many different designs available in the literature for this
kind of devices [15]-[19]. In this work we have adopted two of these devices and
designed the quadrature hybrid cascading two pairs of these branch-line couplers.

The circuit schematics of the two branch-line couplers having the same scattering
matrices of the QWSs of interest are shown in Fig. 2.3. These devices, described
in [15] and [16], identify respectively the QWS67.5° and the QWS90°.

P>
QWSoqe
P3
(a)
| 4] P2
QWSg7.50
Py Ps
(b)

Fig.2.3: Correspondence between the branch-line couplers with arbitrary power division and the
two QWSs of interest: QWS67.5° and QWS90°.

In [15], the arbitrary power division is obtained controlling the characteristic
impedances of the line of device by using the following equations:

d2
Zi=73= |go [2.10a]
Z,=17,= Z—Z [2.10b]
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where d; and d, are respectively |S21| and |[S31|. In [16], the large power division
is obtained replacing the vertical lines of the branch-line with the shorted parallel
coupled-line sections according with the following equations:

Z, _ d

Zy Vi1+d?
2

ZO (YOO _Yoe)

where d = 10%/2% A(dB) = |S,1| — |S31] and Zy is the port impedance.

[2.11a]
d [2.11b]

All the transmission lines extend for a quarter of wavelength, whereas their
impedances are different as reported in Table 2.1.

QWSG75° Zl = 429 Q ZZ = 835 Q 23 = 429 Q Z4 :835 Q

QWSgge Z,=49.75Q | Zy55.24Q | Zy45.45Q

Tab. 2.1: Branch-line couplers line impedances.

A Rogers-RT Duroid 5880 substrate with a dielectric constant of 2.22 and a
thickness of 0.25mm has been used for the final microstrip device. Fig. 2.4 shows
the final layout of the proposed branch-line coupler where the four devices have
been connected together by using six lines of 50 Q impedance and a quarter
wavelength in length. The device is designed to have its central operational
frequency of 9.3 GHz.

The modelling was carried out using the finite-element analysis commercial
software Ansoft HFSS [20]. The expected performances of device within a 33%
band are: RL =-20 dB, IL = -3dB + -4dB and phase difference = 90°+2°.

QWSgqe QWSg7.50 QWSg7.50 QWSgpo
Y Y X A

- -
11 1
( )

Fig. 2.4: Branch-line coupler proposed.
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Fig.2.5: Branch-line coupler prototype.

The branch-line coupler was manufactured by the Trackwise Company [21]. A
prototype, with dimensions 53.3 x 13 mm2, is showed in Fig. 2.5. The
measurements were carried out using a Rohde & Schwarz ZVA40 Vector
Network Analyzer (VNA). The results of the measurements and their comparison
with the models are reported in Figs. 2.6, 2.7, and 2.8. Across a 32% bandwidth
the Return Loss resulted below -15dB whereas the Insertion Loss between -3 dB
and -4 dB. Part of these losses is due to the quarter wavelength microstrip lines
used to connect the four branch-line couplers. Across the same bandwidth, the
phase-difference resulted to be very flat: 90°+1.5°. These results show good
performances in terms of phase difference and transmission.
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The scientific and technical validations (commissioning phase) of the Sardinia
Radio Telescope at the different frequencies has started in 2014 and is foreseen to
continue for approximately two years. During the commissioning phase, all the
devices foreseen for the telescope early activities and the acquisition systems for
typical scientific observations must be successfully tested. In this contest, it is
inserted the 3mm SIS receiver. Observations at ~3 mm wavelengths with SRT
will enable to study a wide range of phenomena in the radio astronomy, for
example, the astrochemistry of the interstellar cold gas clouds in which stars are
being formed, besides to test the active surface and to perform VLBI-mm.

In this chapter, a 3 mm SIS receiver for the Gregorian focus of the Sardinia Radio
Telescope is presented and the configuration chosen for the antenna installation.

3.1. 3mm SIS receiver

The 3mm SIS receiver (Fig 3.1) is developed at IRAM (Institute de Radio
Astronomie Millimétrique) for the Plateau de Bure interferometer (PdBI) in the
90’s. It was installed on one of the PdBI antennas until 2006, after which it was
replaced by a receiver of newer generation.

The receiver covers two frequency bands simultaneously: the ~3 mm band (84 —
116 GHz) and ~1.3mm band (210 — 248 GHz) [23]. However, only the 3 mm
band will be observed in SRT, while the 1.3 mm channel will remain unused
because the atmospheric conditions at the site will not allow observations beyond
~116 GHz. The two channels are similar, both from the point of view of the
optical path and from the point of view of the receiver chain, as is shown in Fig.
3.2.

35



e
L -y

-
100GHz SIDE
5 a

} -
. { (N
. ‘ 6-‘
7 4
K

-

N

gl;LIPTICAL \

—-——
EXTERNAL ROQETOP MIRROR
MIRROR -

.

Fig. 3.1: 3mm SIS receiver
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Fig. 3.2: Schematic with cryostat inner details.
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The 3mm channel is located on the bottom left side of the drawing. Thanks to a
broadband polarization grid, placed at the input of the ex-PdBI receiver, the RF
signal is splitted in two orthogonal linearly polarized signals across ~84-248 GHz.
Each of these signals is then directed in the two different optical paths, one for
each path. Each receiver chain is composed of: a waveguide horn, a SIS mixer, a
LNA and an isolator. The LNAs and isolators are not shown in the schematic
because are mounted on the 15-K stage screen above the optics cubes. The SIS
mixers operate at the physical temperature of 4K with very good performances in
terms of noise figure. For this reason, the dewar is designed to have three different
temperature stages: 70K, 15K and 4K. The Intermediate Frequency (IF) signal,
generated by the mixer, has an instantaneous bandwidth of 500 MHz on both
receiver channels. In the end, the calibration of this receiver is made through an
ambient and cryogenic calibration loads, available for the 3mm and for the 1.3mm
receiver channel, fitted externally as is shown in Fig 0 and Fig 1. The hot load, at
the room temperature, moves into the beam before the polarization grid. To
measure the cold load a rooftop mirror is put into the beam, after the external
elliptical mirror, with a normal angle of reflection, that reflects the beam but with
the polarization in opposite respect to the RF signal expected to that channel.

The Astronomical Observatory of Cagliari purchased this receiver from the IRAM
to test the performances of the antenna at the millimeter frequencies (84 — 116
GHz), namely to test the active surface and to perform VLBI-mm and single-dish
observations.

3.2. 3mm SIS receiver and SRT

Since the IRAM receiver was originally designed for the PdBI antenna, a new
optical and mechanical configuration had to be studied to adapt the instruments to
the SRT optics and to its cabin mechanical structure. The chosen optical
configuration matches the beam waist radius of the receiver (without changing the
existing feed-horn and inner optics) to the beam waist radius of the SRT antenna’s
Gregorian focus, following the Gaussian beam theory [24]. The mechanical
configuration takes into account the available space in the Gregorian room and the
rotating turret where the receiver will be installed.
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3.2.1. Optical configuration

[23-24] describe the optics of the receiver in detail. In reference to the 3mm
channel, the horn, designed to produce Gaussian beams, has a flare angle of 7.42°
and the aperture diameter of 12.4 mm; the beam waist is close to the feed-horn
aperture and the phase error is about 0.11A-0.16A. An HDPE (high-density
polyethylene) lens with the focal length of 30mm is placed at 41.5mm of distance
from the feed in order to refocus the beam. An external elliptical mirror with focal
length 131.6mm is placed at 240mm of distance from the lens. The HDPE lens
and the external mirror form together an achromatic doublet [25], which generates
a beam waist of 3.85\ at 353mm of distance from the mirror. This beam waist
value was required at the Cassegrain focus of the PdBI antenna to illuminate the
dish with the desired edge taper level (Te), of order 12 dB (Fig. 3.3).

w,1=4.15mm
®02 ®o3

®ol
W F1=30mm
M /l D1=41.5mm
\}f\u/,\\u/__\ D2=240mm
F1
D1

F2=131.6mm
D3=353mm
o D3 w,3=3.85% A

Fig. 3.3: Schematics of 3mm channel optics [24].

A new optical configuration was designed to ensure the compatibility of
“receiver-antenna” within SRT. Since the optics of this receiver is based on the
Gaussian beam theory [26], we used the Gaussian procedure to easily study our
compatibility problem.

The standard set of equations governing the fundamental Gaussian beam
propagation are used:

R=z+— [3.1]
VA 2
w=wy* |1+ (Z—) [3.2]
C
$o = tan™" — [3.3]
c
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where ®0 is the beam waist radius, o the beam radius, zc the confocal distance, R
the radius of curvature and ¢0 the Gaussian beam phase shift, (Fig. 3.4).

v

Fig. 3.4: Gaussian beam propagation from feed horn.

The beam waist radius is the minimal value of the beam radius; the beam radius is
the value at which the field falls to 1/e relative to its on-axis value. At the beam
waist, the radius of curvature is infinite, characteristic of a plane wave front, and
the phase shift is zero.

The confocal distance identifies a region used to define the propagation in “near
field”, z<< z, or in “far field”, z>> z., and is defined as:

T * W
Ze =~

At a distance equal to the confocal distance, the beam waist radius is equal to
\2*wyq, the radius of curvature is 2*z, (minimum value of radius of curvature) and
the phase shift is /4.

[3.4]

These Gaussian beam formulas describe the behaviour of the radiation emerging
from a horn as function of distance from the waist. After propagating a distance
larger than the confocal distance the beam grows significantly. The use of
focusing elements allows confining the beam of radiation and avoids its excessive
growth. A thin lens or a mirror can be used to refocus the beam and change its
radius of curvature to produce a converging beam. In reference to our case, the
equations that govern the Gaussian beam transformation by thin lens are the
following:

doue = f +— din =7 — [3.5]
(F-1) +(3)
Mm = ! [3.6]
(&)
M = Woout
= wor, [3.7]
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where din and dout are the distances of the beam waist in input and output, woin
and woout, from the thin lens and Mt is the thin lens magnification.

A simple system of two thin lenses, resulting in an achromatic doublet, is
described in [25]. The main feature of the achromatic doublet is to give a constant
output beam waist if the input beam waist is proportional to the wavelength
(which is the case at the focus of a telescope). The equations for design this
system of lenses is the following:

w(z)out * a)(z)in = fezn*zlz [3'8]
_ X * fi
d=f; + G=f) [3.9]
fe= % *(x = f1) [3.10]
1
= x * é ’ * —é
X' =x <f1) +f, (1 f1) 3.11]

where f, is the equivalent focal length of the doublet, f; and f, are the focal length
of the single thin lenses, x is the distance of the input beam waist from the first
lens and x’ is the distance of the output beam waist of the second lens (Fig. 3.5).

s
S

Fig. 3.5: Left: Geometry of doublet lenses; Right: Behaviour Gaussian beam for the
Achromatic Doublet [28].

For our optical configuration, we use the formulas described above [3.1-3.11].

The beam waist radius required at the Gregorian focus of the Sardinia Radio
Telescope to illuminate the antenna at the edge taper level of 13dB (frequency-
independent illumination) is:

wo greg = 0.216 * [T, * F, x 1 = 0.216 * V13 # 2.35 %3 = 5.491mm  [3.12]

The initial data of the 3mm horn [23-24] and the Sardinia Radio Telescope are
listed in Tabs. 3.1-3.2.

40



Horn beam waist Horn HDPE lens HDPE lens focal
radius horn distance length

Rx 3mm 4.15 mm 41.5 mm 30 mm

Tab. 3.1: Parameters of the 3mm receiver.

Primary Secondary Focal ratioat | Edge taper level
reflector reflector Gregorian focus
diameter diameter

SRT 64 m 7.906 m 2.35 13dB

Tab. 3.2; Parameters of the Sardinia Radio Telescope.

The proposed optical solution is shown schematically in Fig. 3.6. Since it is
preferable not to replace the HDPE lens, as it is an integral part of the receiver, we
designed a new external elliptical mirror which results in an achromatic doublet
compatible with SRT.
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Fig. 3.6: Optical solution chosen.

An external elliptical mirror with focal length of 62.2 mm is placed at 170.5mm
distance from the HDPE lens. The new achromatic doublet generates a beam
waist of 1.83A at 111.8mm of distance from the mirror.

3.2.2. Mechanical design

The receiver cabin on the SRT Gregorian focus is equipped with a rotating turret,
which can host up to eight receivers, allowing to place automatically into focus
the chosen instrument (Fig. 3.7). The Gregorian focus is located 2.5m above the
cabin floor, close to the cabin ceiling. The available space and the configuration of
the turret impose important mechanical constraints on the instrument to be
installed inside it. In particular, the maximum available space for the receivers is
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600mm orthogonal to the optical axis (in order to avoid touching the wall of the
room).

Also, the mechanical configuration must take into account the constraints of the
particular cryostat of the receiver: the ex-PdBI dual-channel receiver is based on
an hybrid dewar (HDV10from Infrared Laboratories) with two cryogenic stages at
80 K and 15K provided by a commercial closed-cycle cold head (CTI-Cryodine,
model 350 CP) and a 4.2 K stage provided by a 10 inch diameter high thermal
conductivity plate in thermal contact with an inner vessel of liquid helium (71 in
size). Because of the presence of liquid helium, to avoid spilling out of the
cryogenic fluid when the Gregorian room rotates with the dish around its
elevation axis, the vessel must be placed at an angle of 45° with respect to the
vertical when the antenna looks at the zenith. In this configuration, when the dish
points towards the horizon, the receiver vessel will be oriented at -45°; whatever
the telescope elevation angle, the receiver will always be within £45° from the
vertical.

Fig. 3.7: View of the SRT receiver cabin showing the Gregorian Focus with the rotating turret (top
left) and the beam waveguide focal points (bottom left). The details of the rotating turret on which
the 3mm SIS receiver will be installed are illustrated on the inset (right).

Because of the 45° tilting, the maximum amount of the liquid helium that can be
transferred to the reservoir is only 5 litres, instead of 7 litres. However, this will
ensure that the 4.2K stage will be maintained at its nominal temperature for more
than 15 days before a new helium refilling will be required. The first
configuration we tried to implement foresaw the 3 mm receiver tilted at 45° inside
the rotating turret. However, with such setup it would not be possible to switch the
observations to the other receivers already installed in the turret (among which a
K-band multibeam receiver) until the liquid helium vessel of the 3 mm receiver
would be fully evaporated (when putting into focus another receiver, the liquid
helium vessel of the 3 mm receiver would be in horizontal position for some
elevation angles, and the helium would leak the cryostat). Though this constraint
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limits the ‘frequency agility’ of the SRT, we tried to design a configuration that
takes into account of this receiver position, as illustrated in Fig. 3.8.

Fig. 3.8: Simulation of the mechanical configuration.

Unfortunately, this configuration is not suited to SRT for reasons of limited
available space. In particular, the horn position in the lower left of the dewar, the
receiver rotated at -45°from the vertical axis, and the Gregorian focus of the SRT
located close to the ceiling and cabin walls, would require to use a big elliptical
mirror, external to the receiver, to redirect the beam from SRT inside the ex-PdBI
3mm receiver horn. The total size of this system would exceed the available
space.

Taking into account the aforementioned optical configuration and mechanical
constraints, we are investigating a solution, which foresees to get rid of the liquid
helium and use an additional close-cycle cryocooler capable to achieving the 4K
physical temperature without requiring manipulation of cryogenic fluids (Fig.
3.9). The 4K stage cryocooler would operate in parallel to the existing CTI
cryocooler and the receiver could be oriented in any direction, independently of
the antenna pointing elevation angle. The chosen cold head, from Advanced
Research Systems (ARS), model DE-204SF [54], has a 20K stage and a 4K stage
delivering 8W and 0.2W of cooling power at respectively, 20K and 4K. A
modification to the dewar is required to host the second cryocooler. The receiver
would be placed in the upper part of the rotating turret, in correspondence to the
Gregorian focus, so that the output beam waist of the external elliptical mirror and
the beam waist of the SRT would coincide. We also designed a mechanical
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support to place the hot and cold calibration loads at the correct distance (beam
waist distance) from the 3 mm band receiver horn.

Fig. 3.9: Mechanical configuration chosen for antenna installation.

Currently, the INAF - Cagliari Astronomy Observatory laboratory is being
equipped to carry out the modifications and following tests of the receiver before
its installation on the antenna.
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In 2013, the Sardinian Regional Government, the European Union (EU) and the
Italian National Institute for Astrophysics (INAF) funded a fundamental research
project with the target to enhance the knowledge of some astrophysical problems,
which have greater impact on the understanding of the physical laws that govern
the universe by using a state-of-the-art facility as SRT. In order to fulfil the
aforementioned scientific target, the project also includes the design, fabrication
and installation of a state-of-the-art multi-beam receiver operating at the
frequency band of interest: 2.3 GHz — 4.3GHz (S radio astronomy band).

In this chapter, the design of a new wideband quadruple-ridged horn antenna for
the multifeed S-band receiver of the Sardinia Radio Telescope is presented.

4.1.Key requirements of radio astronomical feeds

Radio telescopes are reflector antennas. The most simple reflector antenna
consists of a parabolic or shaped reflector with a small feed placed in its focus.
The size of reflector is much larger of the wavelength while the size of feed is
smaller than wavelength. In this way, the reflector is in the far field of the feed
and this simplifies analysis.

Two techniques can be used to analyse the performance of the reflector antennas:
current distribution method based on physical optics approximation and aperture
distribution method based on geometrical optics technique [27]. The first method
provides an accurate calculation of the field in the main lobe of the reflector
antenna but it is quite complex. The second method provides less accurate results
but it is valid both in the main lobe area and in the secondary lobes area. The
advantage of this method is that it considers the reflector antennas as aperture
antennas characterized by an aperture plane perpendicular to the axis of the
reflector. The peculiar characteristic of the reflector antennas is that a spherical
wave generated by a point source placed in the focus of the reflector is reflected
into a plane wave propagating in any plane orthogonal to its axis (Fig. 4.1). This
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surface is an equi-phase plane for the various rays: all the rays that arrive on this
plane are in phase each other, and thus constitute the phase front of a plane wave.

Aperture

1
Reflector plane

Fig.4.1: Signal’s path of a reflector antenna system.

Therefore, the reflected field over the aperture can be written as:

P(p, ) = 90, ) * = [4.1]

Namely, the field depends both on the diagram of the feed irradiation, g(9,¢) , and
on the geometric factors, r.

The directivity is a very important figure of merit in the design of antennas and
can be written as:

4
D = TZ x Aos [4.2]
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where Ag is the effective area of an antenna and it is defined as the area of a
uniformly illuminated aperture that yields the same gain G. When the effective
area is equal to physical area, the directivity, Dy, or directivity gain, Gy, reaches
the maximum value:

4
Dy =Gy = /1_7; * Aphys [4.3]

The aperture efficiency, or antenna efficiency, is then defined as the ratio of an
antenna's effective area to its physical area that is a circle area for a paraboloid:

A D A
Aphys Dy TR

In general, the aperture efficiency of a reflector antenna is the product of the
different loss factors [27]:

o Spillover efficiency e,: it is the fraction of the total power that is radiates
by the feed, intercepted, and collimated by the reflecting surface, it can be
written as:

T vy
e = L2 [2(6,9)d0 [45]

where Dy is the directivity of feed and ¥ is the total aperture angle of the
reflector;

e Taper efficiency e, it is the uniformity of the amplitude distribution of
the feed pattern over the surface of the reflector;

e Phase efficiency €,: it is phase uniformity of the field over the aperture
plane;

e Polarization efficiency e€,: it is polarization uniformity of the field over
the aperture plane and measure the peak of cross-polarization level in the
$=45° plane;

¢ Blockage efficiency €, it is the fraction of total power that is blocked by
feed apparatus;

e Random error efficiency €, over the reflector surface.

Thus, we can write the aperture efficiency as:
€Eap = EsEtEPExEREy [4.6]

The aperture efficiency €,p is always smaller than 1 because of all of
aforementioned loss factors. It is possible to increase €,p if the reflector antenna
has a small total aperture angle ¥ and high edge illumination but it is exactly what
reduces the spillover efficiency €. Therefore, it need found a trade-off between
illumination and spillover. The theoretical maximum aperture efficiency of a
symmetric parabolic reflector antenna is almost 80% attained at approximately -
10 dB feed edge taper. The realized aperture efficiency will necessarily be lower.

In this context, the design of feed is fundamental. In fact, some of the parameters
of interest in the design of a reflector antenna such as gain, spillover, first and far-
out sidelobe levels, cross-polarization level are strongly dependent on the feed
antenna performance and are most commonly quantified via aperture efficiency.
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Spillover and non-uniform amplitude distribution losses are the two main factors
that contribute to the aperture efficiency and are two loss factors that depend
primarily on the feed pattern.

The design of feed, together with the design of the all receiver chain, has the aim
to maximize the gain and minimize system noise temperature, both of which
increase telescope's sensitivity.

The guidelines to design practical feeds to be used in radio astronomy are:

High aperture efficiency;

Constant beam width;

Circularly symmetric radiation pattern;

Small phase center variation;

Low cross-polarization;

Good input return loss to reduce impact on Tys.

4.1.1. State of art in wideband feeds

In the previous section, we are listed the specifications that an optimal feed for
reflector antennas must have. Typically, the feeds used in radio astronomy are
waveguide horns because fulfil all specification aforementioned. In fact, they can
produce radiation patterns having extremely good axial symmetry, relatively
constant beamwidths as a function of frequency, high beam efficiency, low cross-
polarization levels, very low sidelobes and back lobes, good return loss, and the
same phase centers in all cut planes containing the antenna's boresight [27-30].
Waveguide horns for radio astronomy applications are typically realized using a
rectangular or a circular waveguide, which flares into a wider open-end radiating
termination, using different configurations and shapes. In most of the designs
present in the literature, a linear corrugation profile with slot depths greater than a
quarter of a wavelength at the low end of the frequency band and less than a half
wavelength at the high end was used to obtain a maximum relative bandwidth of
2:1 [30-33]. To increase the frequency bandwidth of horns, more-complex designs
have also been suggested in the literature.

However, standard waveguide horns are usually too directional to effectively
illuminate such a large reflector as the 64-meter primary reflector of SRT, with
operating frequency band is of the order of 40-50%. Moreover, the radiating
aperture of a standard waveguide horn could be too large to be employed in a
multi-feed system, especially in our case, wherein space and weight constraints
are critical.
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In the 40s, Cohn [34] identifies the capabilities of the ridges in the waveguide to
broaden the operating band lowering the dominant mode cutoff frequency by
nearly a factor of four. Subsequently, [35-36] expanded on his studies, which they
provided in addition to the transverse-resonance methods to calculate cutoff
frequencies, the parametric studies of the cutoff frequencies and attenuation, and
the analysis to include the complete eigenvalue spectrum of these structures.
Therefore, the advantage of a wide bandwidth and low impedance compatible
with coaxial cables, due to a low cutoff frequency, has encouraged the
development of these structures that have many applications in microwave and
antenna systems.

Two different configurations of ridged waveguide is possible to design, depending
on whether they have two or four ridges loaded symmetrically in a square,
diagonal, circular or shaped waveguides:

e Double-ridged waveguide or horn;
e Quad-ridged waveguide or horn.

The first configuration is widely used in antenna and radar systems but have the
limitation to support only the single linear polarization. In the applications where
dual or circular polarizations are fundamental, the quad-ridged configuration is
used.

Furthermore, the quad-ridged waveguides have been analysed to determine its
modal characteristics. [37-39] determined the characteristics of square, circular
and diagonal quadruple-ridged waveguides, including cutoff frequencies,
attenuation, impedance and modal field distributions. The analysis of [39] shows
that the fundamental mode in a quadruple-ridged waveguide has a cutoff
frequency very close to that of the second-lowest mode. Thus, the natural single
mode bandwidth is very small respect to dual-ridged configuration. However, if
the structure has both x- and y- symmetry, the second-lowest mode is effectively
suppressed or not excited, and a very wide bandwidth (6:1) can be achieved.

The aforementioned papers on quad-ridged waveguides only assign the guidelines
on the first few eigenmodes and, therefore, the design of these structures lacks of
a theoretical or empirical analysis. [40-41] provide some horn profiles that can be
used to design the ridge and sidewall profiles.

Different configurations of quadruple-ridged horn antennas for radio astronomy
applications are available in the literature, as proposed in [3, 42-45] based on
circular waveguide or as proposed in [46-48] based on square waveguide.

However, none of these works is suitable for our application. In fact, the physical
dimension of the horn radiating aperture is too large for application in the
multifeed system of SRT. Moreover, those solutions are found not suitable to
illuminate the primary reflector of SRT, which has an F1/D of 0.33.

In the next section, the project for the new multifeed receiver to install in the
Sardinia Radio Telescope is presented.
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4.2.5-band multi-feed receiver[52]

New research project, entitled “An attack on open questions of modern physics
with the development of advanced technologies”, of the radio astronomy
community of Astronomical Observatory of Cagliari (OAC) was funded. The
purpose of this proposal is to investigate some unsolved questions about the origin
and evolution of the Universe and better understand the laws that govern it,
through the development of high-technology equipment, which will allow
unprecedented observations. In particular, main scientific aims of this project are:

e Pulsar observations (survey and monitoring) in the galactic center region;
evaluation of the pulsar dispersion measure variations;

e Simultaneous observations of pulsars within the Large European Array for
Pulsars (LEAP) for gravitational wave detection;

e Mapping and characterization of the radio spectra of galactic supernova
remnants;

e Study of the radio polarization of a sample of halos in nearby galactic
clusters.

The observational strategy has as common denominator, the development of a
new generation receiver to be installed in the Sardinia Radio Telescope. The
frequency band chosen by astrophysical researches for the aforementioned
research is the S-band: 2 — 4 GHz. Furthermore, to efficiently perform these
astronomical surveys, the new receiver must have the following characteristics:

e maximum available instantaneous bandwidth, as large as possible field of
view (FOV);

e very low system temperature to maximize the radio telescope sensitivity;
e double circular polarization;

e very low cross-polarization level to better distinguish the radio source
signal polarization.

Therefore, the new receiver must take into account the scientific requirements, the
SRT electromagnetic and mechanical constraints, and the radio signal interference
(RFI) scenario around the SRT site [52].

A preliminary RFI measurement campaign at the frequency range between 2 and
5 GHz has shown the presence of the UMTS and Wi-Fi signals around at 2.1 GHz
and 2.44 GHz respectively with the high power level, especially for UMTS signal.

According to all the considerations aforementioned, it was decided that the project
for the new receiver provides a bandwidth of 2 GHz, between 2.3GHz and
4.3GHz. To satisfy the prerequisite of field of view (FOV) as large as possible,
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the receiver is equipped with the maximum possible number of feeds on a focal
plane array: seven feeds. Furthermore, the instantaneous bandwidth of 2 GHz
allows us to take advantage of the new generation digital backend [49-50] that can
process an intermediate frequency (IF) between 0.1-2.1 GHz. In this way, the sky
frequency RF is down-converted to baseband using only two fixed local
oscillators.

The focal position chosen for this receiver (Fig. 4.2) is the primary focus of the
SRT because the F1/D of primary focus of the radio telescope is smaller than the
F/D of other focal positions (F1/D=0.33, F,/D=2.34, F3/D=1.37, F,/D=2.81)[51].
This allow us to keep small enough the size of multi-feed and, at the same time,
this allow us to have the maximum number possible of feeds.

Since the S-band receiver is intended to be mounted in the primary focus of SRT,
a suitable edge taper must be provided by the feed to achieve the optimal
illumination of the 64-meter primary parabolic surface of SRT. Moreover, in our
case, the single feed is a part of a multifeed configuration and, therefore, the feed
design must also take into account the limited room available in the focal cabin of
SRT, and the load constraints of the primary focus positioner (Fig. 4.2).
Consequently, each single feed horn of the “multifeed array” must be compact,
light, and with a reduced radiating aperture.

e APEX ROOM
1 1
2oy A\
SECONDARY
REFLECTOR (M2) PRIMARY FOCUS
POSITIONER
P-L-BAND
RECEIVER S-BAND PRIMARY
RECEIVER REFLECTOR (M1)
QUADRIPOD _—,
LEGS —
' B A
N S 7
N ANSRNSREEEEEass .
A4 Y LR BN L X7
AN 1 1L L 4 7
\ j T O b S eld
- o) e
GREGORIAN WiSe A
ROOM
i 4 HIVIE BACKUP STRUCTURE
ELEVATION EQUIPMENT XANIN
ROOM (EER) =
\ BEAM-WAVE GUIDE
ROOM
=3 . 2 SE==25]
V\
\ \ ALIDADE
\
/ I A\ r/acem
Y S

Fig. 4.2: Schematics of SRT: the position of S-band multi-feed is highlighted.
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The preliminary electromagnetic analysis was carried out to estimate the
specifications of single feed that determinate the optimal SRT aperture efficiency.
The 3D electromagnetic analysis software GRASP was used. In the GRASP
model of SRT (Fig. 4.3), we have taken into account the blocking effects of the
subreflector, with an 8 m diameter hole centered in the main reflector, and the
quadrupod structure (struts). To simulate the coupling between the SRT and the
radiation pattern of a feed, we are chosen an ideal point-like Gaussian feed. It was
simulated at 3.3 GHz by varying the feed edge taper from -7 to -19 dB with a
return loss equal to -5, -15, and -20 dB. The estimated radio telescope sensitivity
was obtained by means the evaluation of the system equivalent flux density
(SEFD), which is defined as the ratio between the system temperature (Tsys) and
the antenna gain (G) at a given frequency. The result are shown in table 4.1
[Table 1 of 52].

Frequency Tgic Ty (0% Edge Tapet  SEFD SEFD SEFD
[GHz] K] K] [dB @74°] [+l [Jv] [Jv]
(RL=5dB) (RL=15dB) (RL=20dB)
3.3 18 5 -7 142.53 100.38 98.21
3.3 18 5 -10 107.57 75.95 74.29
3.3 18 5 -13 102.32 72.24 70.67
3.3 18 5 -16 108.80 76.82 75.15
3.3 18 5 -19 129.80 91.75 89.65

Tab. 4.1: SRT sensitivity in term of SEFD at 3.3 GHz at the zenith [52].

Fig. 4.3: Grasp model of the SRT used.
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By comparing the last three columns in Table 4.1, the best antenna sensitivity
turns out to be with an edge taper of -13 dBm with a RL greater than 20 dB.

The specifications required for the single feed design resulting from
electromagnetic analysis aforementioned are:

e Bandwidth: 2.3 GHz- 4.3 GHz (60% of relative bandwidth);
e Return loss > 20dB;

e Insertion loss < 0.2 dB;

e Cross polarization < -35dB;

e Edge taper @74° (3.3 GHz) -13dB;

e Diameter feed < 91mm ~1A at 3.3GHz.

The last one specification is fundamental to design the multi-beam array. By using
the same SRT GRASP model, we are estimated the best aperture efficiency by
changing the feed position from the focal point to another point on the SRT focal
plane (Tab. 4.2).

Position Tgc Tp(0%) RL Aperture Efficiency SEFD (Tsys/G)

[mm]  [K] [K] [dB] [%] [Jy]
Omm ___ 18 5 20 66,2 70.67
100 mm 18 5 20 56,57 82.75

Tab. 4.2: Aperture efficiency of SRT simulated by GRASP [Tab.3 of 52].

The values were chosen equal to 0, when the feed was in F1, and equal to 100
mm, when the feed was placed on the position of the FPA configuration
considered. The value equal to 100 mm (Fig. 4.4) was obtained taking into to
account the Half Power Beam Width (HPBW), defined as 1.22*A/D where A is the
wavelength at central frequency and D the M1 diameter, and the minimum
distance between two main beams on the sky, equal to 982 arcsec, that fulfills the
Nyquist sampling interval (dmin/F1> A/D). Moreover, this value takes into
account of the thickness of the feed waveguide external edge, about 3 mm, and the
distance between the border of two feeds: equal to 3 mm.
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Fig. 4.4: Size and distance between FPA feeds (mm) related to HPBW and distance between two
main beams on the sky (arcsec) [Fig.5 of 52].

The optimal focal plane array configuration was also estimated to produce the
better mapping of an extended radio astronomical source: it is the Hexagon
Pattern.

In the follow section, the design a waveguide feed for the S-band multifeed
receiver of the Sardinia Radio Telescope (SRT) is presented. The performances of
the feed designed are in good agreement with the aforementioned specifications.

4.2.1. Design

The design specifications, presented in the previous section, are guidelines used to
design the new device. The design and optimization of the waveguide feed horn
have been performed using the FEM commercial software Ansys HFSS [20].

Initially, the design of the new feed was focused on a device with a simple
configuration and easy to manufacture. Briefly, we describe two configurations
that have given the best results.

The first configuration consists of a circular waveguide with two matching
metallic cylindrical irises arranged along the optical axis of the feed to improve
the operating bandwidth, Fig. 4.5. The diameter of feed is D=90.9mm with
270mm length. The inner diameter of two irises is 86.3 mm with a distance of
L1=81.1 mm and L;,=35.6 mm from the feed aperture.
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Fig. 4.5: Geometry of the first horn antenna: (a) 3D view; (b) sectional view.

Figs. 4.6, 4.7 and 4.8 show the performances of the feed, respectively, the return
loss and normalized gain in the ¢=45° at 2.3 GHz, 3.3 GHZ and 4.3 GHz.
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Fig. 4.6: Simulated reflection coefficient of the feed.
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Fig. 4.7: Normalized radiation patterns of the feed at 2.3 GHz, 3.3GHz and 4.3 GHz in the ¢ = 45°
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Fig. 4.8: Radiation patterns of the feed at 2.3 GHz, 3.3GHz and 4.3 GHz in the ¢ = 45° plane.
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Although the return loss of the feed is acceptable, it is below -15dB in the band of
interest, the radiation pattern is not acceptable for the SRT requirements. Fig. 4.7
highlights this effect showing the co-polarization and cross-polarization
components of the far field directivity. In fact, the radiation pattern is too
directive, especially at 4.3 GHz, and does not meet specifications of -13 dB of
edge taper at 74° at 3.3 GHz. Moreover, the reference lines at +74° highlight that
the cross-polarization level at 4.3 GHz is too high for the SRT requirements.

The second configuration consist of a circular waveguide with variable inner
diameter, Fig. 4.9. The inner diameter ranges from the maximum value of D;=90.9
mm at the back-short to the minimum Do=80 mm at the feed’s aperture. In the
middle, a conical section matches those external parts. The length of each section
is respectively L=270 mm, L;;=54.5 mm and L,,=102 mm.

2
| DO ot |

(2) (b)

Fig. 4.9: Geometry of the second horn antenna: (a) 3D view; (b) sectional view.

Figs. 4.10, 4.11 and 4.12 show the performances of the feed, respectively, the
return loss and normalized gain in the ¢=45° at 2.3 GHz, 3.3 GHz and 4.3 GHz. In
this case, the radiation pattern meets the feed specifications, but the return loss is
RL=-4dB at the lower frequency, 2.3 GHz, is not acceptable. The cut-off
frequency of the fundamental mode, equal to 1.9 GHz, is too close at the starting
frequency of the receiver operating bandwidth and it conditions the return loss.
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Fig. 4.10: Simulated reflection coefficient of the feed.
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Fig. 4.11: Normalized radiation patterns of the feed at 2.3 GHz, 3.3GHz and 4.3 GHz in the ¢ =
45° plane.
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In addition to not optimal performances, these previous configuration of feeds are
too long for SRT space requirements. In fact, the maximum space available for
the receiver in the Primary Focus Positioner is a cube of 1 m on each side. The
receiver design provides that the elements of the receiver chain inside the dewar
must be arranged as in Fig 4.13.
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Fig. 4.13: Schematics of single receiver chain of S-band multifeed receiver

For this reason, the space available for the feed, if it is possible, must be less than
350mm. The other devices show in the Fig. 4.13 and the mechanical structure of
the receiver with heat shields, vacuum windows, etc. occupy the remaining space.

In order to meet the design specification of the feed system, both on the
bandwidth and on the required edge taper, keeping a compact and light
realization, and aiming to minimize the waveguide horn transverse section, we
have decided to design a new configuration based on the ridged circular
waveguide [34-40].

The geometry of the proposed feed is shown in Fig. 4.14. It essentially consists of
a truncated circular waveguide with four ridges of variable height inside. In the
design and optimization of this configuration, we can identify three parts:

e acircular waveguide of diameter Dy;
o four ridges with a sinusoidal profile;
e the open-end radiating termination.

Each one of these parts must be accurately designed to comply with the required
specifications, which are reported in the previous section.
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Fig. 4.14: Geometry of the proposed quadruple-ridge horn antenna: (a) 3D view; (b) sectional
view; (c) detailed view of radiating aperture; (d) view from the bottom looking up.
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The circular waveguide diameter D, has been selected equal to 86 mm, the initial
dimensions of the ridges, Hg, and Wr in Fig. 4.14d has been selected equal to 12.9
mm. These values are dictated by the formulas used to study the characteristics of
a ridged waveguide in [39-40]. In Fig. 4.15 are reported the plots of the
parametric design curves of a quadruple-ridged waveguide that to show the
dependence of cutoff frequency and waveguide impedance on the ridge

dimensions.

Circular Quadruple-Ridged Waveguide
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Fig. 4.15: Geometry of typical circular quadruple-ridged waveguides (a), normalized cutoff wave
numbers, versus the ridge geometry (b), voltage-current impedance versus the ridge thickness (c)

[40].
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The ridge dimensions chosen, together with the waveguide diameter, guarantee
that the position of cut-off frequency of the fundamental mode of the ridged
circular waveguide is well below the starting frequency of the receiver operating
bandwidth, which is equal to 0.9 GHz in our case (Fig. 4.16), and the impedance
at the input port of the ridged waveguide is 50 Q. These values are the same used
by the architecture of the circular Ortho Mode Transducer, which is realized using
the same quadruple-ridged configuration [52], and connects to the input port of
the feed.

100

75t

50t

im (Gamma)

25|

0,5 2,5 3
Frequency [GHz]

Fig. 4.16: Positions of cut-off frequency of the fundamental mode and first superior modes of
proposed feed.

The choice of the profile of the ridges, which can be observed in Fig. 4.14b, is a
key point in the antenna design since it must be suitably selected both to match
the 50 Q input impedance of the ridged waveguide to the free space impedance.
Moreover, the ridge profile contributes to have a circular radiation pattern with a
constant beamwidth. To obtain a constant beam width from a circular aperture, the
aperture field distribution must shrink in area as frequency is increased. The ridge
profile produces a difference in path lengths along the horn's longitudinal axis that
introduces an additional phase to fields near the aperture rim. The additional
phase increases as frequency increases and this produces a reduced aperture area
with uniform phase [3].

Different profile options are available to the feed-horn designer, and have been
investigated in [41]. The most commonly used profiles in the literature are the
exponential and elliptical profiles for both ridges and sidewall.
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For our application, we have found that the best results are achieved using the
sinusoidal profile (see Fig. 4.14), which is described by the following equation:

a(z) =a; + (a, — a;) [(1 —A) % + A sin? (%)] [4.7]

wherein a; e a, are, respectively, the initial height of the ridges (i.e. Hgy, at the
input port of the feed), and the height of the ridges at the end of the sinusoidal
profile (Hro in Fig. 4.14c). L is the length of the ridges along the sinusoidal
tapering and, in our case, is equal to 270 mm. The parameter A can assume values
in the range [0, 1] and weighs the profile linearity; p € [0, o] is the exponent of
the sine. The optimization of the latter parameter is very important since it
strongly influences the side-lobe level (SLL) and, therefore, the illumination of
the reflector. In our case, we have selected p = 6, which provides the required
SLL.

The final stretch of the feed, including a ridged circular waveguide with constant
section, of length Lg, and a radiating aperture with an indentation of dimensions
WEe1, We2, He1, Hi2 (See Fig. 4.14c¢) has been optimized for the best input match
over the operating bandwidth.

As apparent from the profile of the ridges, shown in Fig. 4.14b, another
indentation of dimensions H,, W, (see Fig. 4.14b) has been realized at the distance
L, form the input port of the feed. This parameter has been used as a further
parameter in order to improve the input match.

The optimization procedure on the parameters Lg, Hei1, He2, Wg1, W2, Hy, W), and
L, has been performed using Ansys HFSS. The final values are reported in Table

Lr Hry He2 We1 Wk L H, W,

70mm | 76 mm | 68 mm 5 mm 5mm | 180 mm | 20 mm 6 mm

Table 4.3: Optimized parameters of geometry feed.

The plots of optimization of some parameters is presented. In Figure 4.17 we
show the frequency response of the feed (S;1) for different values of the length L,
in Figure 4.18 the frequency response for different values of the length L and, in
Figure 4.19, the frequency response for different values of the height Hg;.
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Fig. 4.17: Frequency response for different values of the length L,.
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Fig. 4.18: Frequency response for different values of the length L.
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Fig. 4.19: Frequency response for different values of the length Hg;.

The simulation performances of the proposed antenna are presented.

The reflection coefficient of the isolated feed is below -20 dB over a 60%
bandwidth (Fig. 4.20).

Figs 4.21, 4.22 and 4.23 show the normalized radiation pattern in the ¢=0°, ¢=45°,
and $=90° planes at the frequencies 2.3 GHz, 3.3 GHz, and 4.3 GHz. Variations
between the patterns can be observed at these frequencies. The radiation patterns
of only one polarization are plotted for brevity. However, the performance of the
other polarization is virtually the same.

As can be seen from Figure 4.22, the initial request of an edge illumination of -13
dB at 74° at 3.3 GHz was basically met, whereas the edge illumination at 2.3 GHz
and 4.3 GHz is, respectively, -9 dB and -19 dB. The radiation pattern at the
central frequency, 3.3 GHz is optimal; the pattern at 2.3 GHz is quite good, and at
4.3 GHz the edge taper can be considered still acceptable [52].
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Fig. 4.20: Return loss of the isolated feed.
0
-10
-20
‘ \
\‘/\ ¢+ | — - 2.3GHz \‘ ,/ ¥
-30F Yy \ ~/ | —33GHz AN \' S
D —--43GHz .
_40 | | | | | | | | | |
-180  -120 -60 0 60 120 180

Theta [Degrees]

Fig. 4.21: Normalized radiation patterns of the isolated feed at 2.3 GHz, 3.3GHz and 4.3 GHz in

the ¢ = 0° plane.

67



1

BN

o
I

Normalized Gain [dB]
)
o
I

e — 33GHz N/
230 F —--4.3GHz _
_40 1 1 1 1 1 1 1 1 1 1 1
-180 -120 -60 0 60 120 180

Theta [Degrees]

Fig. 4.22: Normalized radiation patterns of the isolated feed at 2.3 GHz, 3.3GHz and 4.3 GHz in
the ¢ = 45° plane.
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Fig. 4.23: Normalized radiation patterns of the isolated feed at 2.3 GHz, 3.3GHz and 4.3 GHz in
the ¢ = 90° plane.
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The design previously described has considered an isolated feed horn, but the real
implementation involves an array of seven elements in a hexagonal grid. As
explained in the previous section, the choose of the spatial configuration in this
hexagonal grid and the number of feeds on a focal plane array (FPA) have been
selected to maximize the Field of View of the antenna, keeping in mind the
available room in focal cabin of SRT and load limit of the Primary Focus
Positioner (PFP) of the Sardinia Radio Telescope. The minimum distance between
centers of feeds, which maximize the aperture efficiency of the antenna and
produces the better mapping of an extended radio astronomical source, is equal to
100 mm [52].

In order to evaluate the mutual coupling effect between the feeds in the multifeed
configuration, we simulated the electromagnetic behavior of the structure with,
respectively, three, five and seven elements.

Fig. 4.24 shows the illustration of the first configuration of multibeam receiver
with three elements, where d=100mm, Di=43mm and De=48mm and Fig. 4.25
shows the multibeam layout used in the 3D electromagnetic software Ansoft
HFSS.

Fig. 4.24: Multibeam configuration with three elements.
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Fig. 4.25: HFSS multifeed layout.

Figs. 4.26, 4.27 and 4.28 show the performances of the Feedl of this
configuration in terms of return loss and radiation pattern.

The reflection coefficient is below -20 dB over a 60% bandwidth. The normalized
radiation pattern is show in the ¢=45° plane at the frequencies 2.3 GHz, 3.3 GHz,
and 4.3 GHz.

In order to evaluate the mutual coupling effect between the feeds in the multifeed
configuration, we show the comparison between the simulated performances of
the central feed when included in the multifeed array and the simulated
performances of the isolated feed.

The reflection coefficient remains below -20 dB. The isolation between feed2 and
feedl is below -28 dB. Variations between the pattern of multifeed configuration
e isolated feed can be observed, especially at the lower frequency of the operating
band. In fact, the radiation pattern of multibeam is asymmetrical than the radiation
pattern of the isolated feed. This effect is due to the position not central of the
feed in this configuration. All feeds are affected by the presence of the other two
feeds only on a side, as we can see in Fig. 4.25.
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Fig. 4.26: Simulated reflection coefficient of the isolated feed and of the central element of th
multifeed configuration with three feeds.
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Fig. 4.27: Isolation between Feedl and Feed2 of the multifeed configuration with three feeds.
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Fig. 4.28: Normalized radiation patterns of the feed1 of multibeam configuration and the isolated
feed at 2.3 GHz, 3.3GHz and 4.3 GHz in the ¢ = 45° plane.

Fig. 4.29 shows the illustration of the second configuration of multibeam receiver
with five elements, where d=100mm, Di=43mm and De=48mm and Fig. 4.30

shows the multibeam layout used in the 3D electromagnetic software Ansoft
HFSS.

Fig. 4.29: Multibeam configuration with five elements.

72



Fig. 4.30: HFSS multifeed layout.

Figs. 4.31, 432 and 4.33 show the performances of the Feedl of this
configuration in terms of return loss and radiation pattern.

The reflection coefficient is below -20 dB over a 60% bandwidth. The normalized
radiation pattern is show in the ¢=45° plane at the frequencies 2.3 GHz, 3.3 GHz,
and 4.3 GHz.

In order to evaluate the mutual coupling effect between the feeds in the multifeed
configuration, we show the comparison between the simulated performances of
the central feed when included in the multifeed array and the simulated
performances of the isolated feed.

The reflection coefficient remains below -20 dB, the isolation between feedl and
feed2 is below -28dB and the radiation pattern complies the feed design
specifications. Variations between the pattern of multifeed configuration e
isolated feed can be observed, especially at the lower frequency of the operating
band. In fact, the radiation pattern of multibeam is more directive than the
radiation pattern of the isolated feed. This effect is due to the position of the feed
in this configuration that is affected by the presence of the other four feeds, as we
can see in Fig. 4.30.
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Fig. 4.31: Simulated reflection coefficient of the isolated feed and of the central element of the

multifeed configuration with five feeds.
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Fig. 4.32: Isolation between Feedl and Feed2 of the multifeed configuration with five feeds.
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Fig. 4.33: Normalized radiation patterns of the feed1 of multibeam configuration and the isolated
feed at 2.3 GHz, 3.3GHz and 4.3 GHz in the ¢ = 45° plane.

Fig. 4.34 shows the illustration of the third configuration of multibeam receiver
with seven elements, where d=100mm, Di=43mm and De=48mm and Fig. 4.35
shows the multibeam layout used in the 3D electromagnetic software Ansoft
HFSS. This is the final layout of multibeam receiver to install in the Sardinia
Radio Telescope.

The design of the radiating aperture of single feed described above, takes into
account the limited space available. Moreover, in order to minimize the mutual
coupling effect between the feeds, we decided to fill the space between feeds with
an absorbing material (i.e. Eccosorb MF-124). In Figure 4.35, the layout of
multifeed with enclosure is shown where the absorbing material is displayed in
green.
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Fig. 4.34: Multibeam configuration with seven elements.

Fig. 4.35: Final multifeed layout.
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Figs. 4.36, 4.37, 4.38, 4.39 and 4.40 show the performances of the Feedl of this
configuration in terms of return loss and radiation pattern.

The reflection coefficient is below -20 dB over a 60% bandwidth. The normalized
radiation pattern is show in the ¢=0°, ¢=45°, and $=90° planes at the frequencies
2.3 GHz, 3.3 GHz, and 4.3 GHz.

In order to evaluate the mutual coupling effect between the feeds in the multifeed
configuration, we show the comparison between the simulated performances of
the central feed when included in the multifeed array and the simulated
performances of the isolated feed.

The reflection coefficient remains below -20 dB. The isolation is below -25 dB
unless the lower frequency of operating bandwidth where is below -20dB. The
radiation pattern complies the feed design specifications. Variations between the
pattern of multifeed configuration e isolated feed can be observed, especially at
the lower frequency of the operating band. In fact, the radiation pattern of
multibeam is more directive than the radiation pattern of the isolated feed. This
effect is due to the position of the feed in this configuration that is affected by the
presence of the other six feeds, as we can see in Fig. 4.35.
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Fig. 4.36: Simulated reflection coefficient of the isolated feed and of the central element of the
multifeed configuration.
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Fig. 4.37: Isolation between Feedl and Feed2 of the multifeed configuration with seven feeds.
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Fig. 4.38: Normalized radiation patterns of the feed1 of multibeam configuration and the isolated

feed at 2.3 GHz, 3.3GHz and 4.3 GHz in the ¢ = 0° plane.
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Fig. 4.39: Normalized radiation patterns of the feed1 of multibeam configuration and the isolated
feed at 2.3 GHz, 3.3GHz and 4.3 GHz in the ¢ = 45° plane.
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Fig. 4.40: Normalized radiation patterns of the feed1 of multibeam configuration and the isolated
feed at 2.3 GHz, 3.3GHz and 4.3 GHz in the ¢ = 90° plane.
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Fig. 4.41: Return loss of the other six feeds of multibeam receiver.

Fig. 4.41 shows the return loss of the other six feeds of multibeam receiver. The
other feeds are affected by the central feed, but their return loss is below -20dB in
the operating bandwidth.

We also show the comparison between the normalized radiation pattern of the
feed2 and the feed4 of the multibeam receiver and the normalized radiation
pattern of the feedl of the multibeam in the worst case (¢=45° plane) at the
frequencies 2.3 GHz, 3.3 GHz, and 4.3 GHz. The radiation pattern of feed2, see
Fig. 4.42, is affected by central feed and the other two neighboring feeds, the
feed6 and the feed4. The radiation pattern of feed4, see Fig. 4.43, is affected by
central feed and the other two neighboring feeds, the feed2 and the feed>5.
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Fig. 4.42: Normalized radiation patterns of the feed2 and feedl at 2.3 GHz, 3.3GHz and 4.3 GHz
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Fig. 4.43: Normalized radiation patterns of the feed4 and feedl at 2.3 GHz, 3.3GHz and 4.3 GHz

in the ¢ = 45° plane.
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The electromagnetic coupling between the Sardinia Radio Telescope and the
multifeed horn system has been simulated in order to estimate the antenna gain
and the cross-polarization component. The complete system has been modeled
using the 3D analysis software GRASP 9 by TICRA.

In general, most antenna systems, especially those with high gain and directivity
used in radio astronomy must be analysed using detailed numerical models such
as GRASP. This simulation tool is specifically tailored for the analysis of large
radio telescopes, providing a very accurate modelling, and the results are,
therefore, in very good agreement with experiment [53].

In the GRASP model of SRT we have taken into account the blocking effects of
the subreflector, with an 8 m diameter hole centered in the main reflector, and the
quadrupod structure (struts).

In order to evaluate the mutual coupling effect between the multifeed
configuration and SRT, we simulated the electromagnetic behavior of the
structure with, respectively, three, five and seven elements using the GRASP
software. Only the blocking effects of subreflector is considered in the GRASP
model of SRT used in these simulations.

In Fig 4.44, we show the radiation pattern of the SRT illuminated by the central
feed of the multifeed array with three feeds, at 2.3 GHz, at 3.3 GHz, and at 4.3
GHz.

In Fig 4.45, we show the radiation pattern of the SRT illuminated by the central
feed of the multifeed array with five feeds, at 2.3 GHz, at 3.3 GHz, and at 4.3
GHz.

In Fig 4.46, we show the radiation pattern of the SRT illuminated by the central
feed of the multifeed array with seven feeds, at 2.3 GHz, at 3.3 GHz, and at 4.3
GHz.
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Fig. 4.44: Radiation pattern of the SRT with the multifeed system (3 feeds).
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Fig. 4.45: Radiation pattern of the SRT with the multifeed system (5 feeds).
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Fig. 4.46: Radiation pattern of the SRT with the multifeed system (7 feeds).

The antenna gain for all configurations is between 62 dBi at 2.3 GHz and 66 dBi
at 4.3 GHz. The cross polarization level is very good (below -30 dB) at 2.3 GHz
and 3.3 GHz, whereas it is quite higher (-20 dB), but still acceptable, at 4.3 GHz,
caused by the particular design of radiating aperture.

We also simulated the electromagnetic behavior of the final configuration of
multibeam receiver using for the simulation the complete GRASP model of SRT.
Fig. 4.47, 4.48 and 4.49 show the radiation pattern of the SRT illuminated by the
central feed of the multifeed array with seven feeds. We can see the effect caused
by the quadrupod structure (struts) of SRT.
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Fig. 4.47: Radiation pattern of the SRT with the multifeed system at 2.3 GHz.
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Fig. 4.48: Radiation pattern of the SRT with the multifeed system at 3.3 GHz.
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Fig. 4.49: Radiation pattern of the SRT with the multifeed system at 4.3 GHz.

In Figs 4.50, 451 and 4.52 we also show the radiation pattern of the SRT
illuminated by the feed2 of the multifeed array, at 2.3 GHz, at 3.3 GHz, and at 4.3
GHz. The maximum value of the gain is shifted toward left direction of 0.21°. It is
the main effect due to change of position of this feed which is shifted by 50 mm
toward the negative x-axis, as we can see in Fig. 4.34. The antenna gain is

between 61.5 dBi at 2.3 GHz and 65 dBi at 4.3 GHz at -0.21°.
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Fig. 4.50: Radiation pattern of the SRT with the feed1 and feed2 of the multifeed system at 2.3
GHz.
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Fig. 4.51: Radiation pattern of the SRT with the feedl and feed2 of the multifeed system at 3.3
GHz.
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Fig. 4.52: Radiation pattern of the SRT with the feedl and feed2 of the multifeed system at 4.3
GHz.

To complete the research activity, the realization of a prototype of the proposed
feed and tests in the laboratory are foreseen. Unfortunately, this part of research
activity was blocked because of the results of a new RFI measurement campaign
around SRT site. In fact, at the beginning of 2015, the RFI (Radio Frequency
Interference) measurement campaign around SRT site highlighted the presence of
pulsed emissions very strong coming from radar systems (the higher power level
about -13dBm at 2750 = 50 MHz). In Fig. 4.53 is shown the maximum signal
spectral power density level expected at the input of the feed. The spectrum
depicts the signals acquired during a 360-degree scan in azimuth around a
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geographic place situated almost at the same altitude of the PFP with the
following spectrum analyzer settings: a resolution and video bandwidth equal to 1
MHz, sweep time 0.1 s and 3000 measurement points (1 point for 1 MHz).
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Frequency [MHz]

Fig. 4.53: Power spectrum measured by means of the receiving chain of the RFI van around the
SRT site [52].

The receiver operation is likely to be seriously compromised because of the
presence of strong RFIs in the band between 2.3GHz-3GHz. In order to install this
feed on SRT, a quite complex receiving chain would be required to cut off a
strong RFI. Therefore, during 2015, a new receiver configuration has been
considered for the S-band, in which the horn has been required to provide part of
the RFI rejection. Since the latter has a superior effectiveness, a new S-band feed

has been designed with a frequency range of only 40% percent bandwidth (3-4.5
GHz).

The new configuration of the feed is presented in the next section.

4.2.2. Design of the new S-band feed configuration.

Since the bandwidth requirements are smaller, the feed specifications are tighter
and the performances of this new feed are greatly improved.

The geometry of the new feed is shown in Fig. 4.54. It essentially consists of a
circular waveguide horn with four ridges of variable height inside. In the design
and optimization of this configuration, we can identify three parts:

e the sidewall profile;
o four ridges with a hyperbolic profile;

e the open-end radiating termination.
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Each one of these parts must be accurately designed to comply with the required
specifications.

(a) (b)

—l——— —=mi—
Hrx

(©) @)

Fig. 4.54: Geometry of the proposed quadruple-ridge horn antenna: (a) 3D view; (b) sectional
view; (c) detailed view of radiating aperture; (d) view from the bottom looking up.
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The circular waveguide input diameter D, has been selected equal to 46 mm and
output diameter Do has been selected equal to 78 mm, the initial dimensions of
the ridges, Hgi and Wg in Fig. 4.54d has been selected equal to, respectively, 7
mm and 6.5mm

The ridge dimensions chosen, together with the waveguide diameter, guarantee
that the position of cut-off frequency of the fundamental mode of the ridged
circular waveguide is well below the starting frequency of the receiver operating
bandwidth, which is equal to 1.45 GHz in our case (Fig. 4.55), and the impedance
at the input port of the ridged waveguide is 50 Q. These values are the same used
by the architecture of the circular Ortho Mode Transducer, which is realized using
the same quadruple-ridged configuration [52], and connects to the input port of
the feed.
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Fig. 4.55: Positions of cut-off frequency of the fundamental mode and first superior modes of
proposed feed.

For our application, we have found that the best results are achieved using the
hyperbolic profile (see Fig. 4.54), which is described by the following equation:

72(a4—a?)

a(z) = \/alz +L—2 [4.8]

wherein a; e a, are, respectively, the initial height of the ridges (i.e. Hgy, at the
input port of the feed), and the height of the ridges at the end of the sinusoidal
profile (Hgro in Fig. 4.54c). L is the length of the ridges along the sinusoidal
tapering and, in our case, is equal to 227 mm.
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The final stretch of the feed has been optimized for the best input match over the
operating bandwidth and for the best radiation pattern. As apparent from the
profile of the ridges, a narrowing of the radiating aperture of dimensions Wg; and
thickness t has been realized.

The optimization procedure on the parameters Do, Wg; and t has been performed
using Ansys HFSS. The final values are, respectively, 78mm and 10mm and 2.5
mm.

The simulation performances of the proposed antenna are presented. The new
configuration of a quad-ridge horn antenna shows performances in accordance
with the project specifications.

The reflection coefficient of the isolated feed is below -20 dB over a 40%
bandwidth (Fig. 4.56).

Figs 4.57, 4.58 and 4.59 show the normalized radiation pattern in the ¢=0°, ¢=45°,
and $=90° planes at the frequencies 3 GHz, 3.75 GHz, and 4.5 GHz. Variations
between the patterns can be observed at these frequencies. The radiation patterns
of only one polarization are plotted for brevity. However, the performance of the
other polarization is virtually the same.

As can be seen from Figure 4.58, the initial request of an edge illumination of -13
dB at 74° at 3.75 GHz was basically met, whereas the edge illumination at 2.3
GHz and 4.3 GHz is, respectively, -10.5 dB and -16.7 dB. The radiation pattern at
the central frequency, 3.3 GHz is optimal; the pattern at 2.3 GHz and 4.3 GHz is
quite good [52].
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Fig. 4.56: Return loss of the isolated feed.
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Fig. 4.57: Normalized radiation patterns of the isolated feed at 3 GHz, 3.75GHz and 4.5 GHz in

the ¢ = 0° plane.
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Fig. 4.58: Normalized radiation patterns of the isolated feed at 3 GHz, 3.75GHz and 4.5 GHz in

the ¢ = 45° plane.
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Fig. 4.59: Normalized radiation patterns of the isolated feed at 3 GHz, 3.75GHz and 4.5 GHz in

the ¢ = 90° plane.

The design previously described has considered an isolated feed horn, but the real
implementation involves an array of seven elements in a hexagonal grid. As
explained in the previous section, the choose of the spatial configuration in this
hexagonal grid and the number of feeds on a focal plane array (FPA) have been
selected to maximize the Field of View of the antenna, keeping in mind the
available room in focal cabin of SRT and load limit of the Primary Focus
Positioner (PFP) of the Sardinia Radio Telescope. The minimum distance between
centers of feeds, which maximize the aperture efficiency of the antenna and
produces the better mapping of an extended radio astronomical source, is equal to
100 mm.

The design of the radiating aperture of single feed described above, takes into
account the limited space available. Moreover, in order to minimize the mutual
coupling effect between the feeds, we decided to fill the space between feeds with
an absorbing material (i.e. Eccosorb MF-124). In Figure 4.60 the layout of
multifeed is shown.
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Fig. 4.60: Final multifeed layout.

Figs. 4.61, 4.62, 4.63, 4.64 and 4.65 show the performances of the Feedl of this
configuration in terms of return loss and radiation pattern.

The reflection coefficient is below -20 dB over a 40% bandwidth. The normalized
radiation pattern is show in the ¢=0°, ¢=45°, and $=90° planes at the frequencies
3 GHz, 3.75 GHz, and 4.5 GHz.

In order to evaluate the mutual coupling effect between the feeds in the multifeed
configuration, we show the comparison between the simulated performances of
the central feed when included in the multifeed array and the simulated
performances of the isolated feed.

The reflection coefficient remains below -20 dB, the isolation between the Feedl
and the Feed?2 is below -28dB and the radiation pattern complies the feed design
specifications. Small variations between the pattern of multifeed configuration e
isolated feed can be observed, especially in the $=0° plane.

93



-10 B
.\

Sy1 [dB]

-30

A
IS}
T

-50

— - Isolated feed
— Feedl - Multifeed

2,5

3

3,5 4
Frequency [GHz]

4,5

5
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Fig. 4.62: Isolation between Feed1 and Feed2 of the multifeed configuration with seven feeds.

94



Normalized gain [dB]
)
o

-10

-40

—-- 2.3 GHz Multifeed
—-- 3.3 GHz Multifeed
—-- 4.3 GHz Multifeed
—— 2.3 GHz Isolated feed
—— 3.3 GHz Isolated feed
—— 4.3 GHz Isolated feed

-180

-120

-60 0
Theta [degrees]

60

120

180

Fig. 4.63: Normalized radiation patterns of the feed1 of multibeam configuration and the isolated
feed at 3 GHz, 3.75 GHz and 4.5 GHz in the ¢ = 0° plane.

Normalized gain [dB]

0
210 | _
20| _
/ L :
AR —-- 2.3 GHz Multifeed " P
30 S ' —-- 3.3 GHz Multifeed {4 \ ]
AN —-- 4.3 GHz Multifeed VA .\3
Iy \ I\-] —— 2.3 GHz Isolated feed vl \
il S ] —— 3.3 GHz Isolated feed | 1! \‘\
- DN i —— 4.3 GHz Isolated feed B I
il il i
_40 _I." ‘4' L L L L L ||, 'l
-180 -120 -60 0 60 120 180
Theta [degrees]

Fig. 4.64: Normalized radiation patterns of the feed1 of multibeam configuration and the isolated
feed at 3 GHz, 3.75 GHz and 4.5 GHz in the ¢ = 45° plane.

95



10 b i
o /
= \
e \ ,/
= \
m v
§ -20 \
= — A}, R -
= \ ;
E \ - N
o ‘ / \‘ I
=z /'\‘} 4 i' N
A AN —-- 2.3 GHz Multifeed W
-30 1 AN \.// —-- 3.3 GHz Multifeed ‘ ! {
b ; —-- 4.3 GHz Multifeed Ak
A ! —— 2.3 GHz Isolated feed {
" | —— 3.3 GHz Isolated feed I\ H
el AY/ —— 4.3 GHz Isolated feed W)
A/ ) ‘\/ ) l
AT VR
_40 al 1 1 1 1
-180 -120 -60 0 60 120 180

Theta [degrees]
Fig. 4.65: Normalized radiation patterns of the feed1 of multibeam configuration and the isolated
feed at 3 GHz, 3.75 GHz and 4.5 GHz in the ¢ = 90° plane.

The electromagnetic coupling between the Sardinia Radio Telescope and the
multifeed horn system has been simulated in order to estimate the antenna gain
and the cross-polarization component. The complete system has been modeled
using the 3D analysis software GRASP 9 by TICRA.

In the GRASP model of SRT we have taken into account the blocking effects of
the subreflector, with an 8 m diameter hole centered in the main reflector.

In order to evaluate the mutual coupling effect between the multifeed
configuration and SRT, we simulated the electromagnetic behavior of the
structure with, respectively, proposed isolated feed and with multibeam
configuration.

In Fig 4.66, we show the radiation pattern of the SRT illuminated by the isolated
feed, at 3 GHz, at 3.75 GHz, and at 4.5 GHz.

The antenna gain is between 64 dBi at 3 GHz and 66 dBi at 4.5 GHz. The cross
polarization level is very good (below -30 dB) at 3 GHz, 3.75 GHz and 4.5 GHz.
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Fig. 4.66: Radiation pattern of the SRT with the isolated feed.
In Fig 4.67, we show the radiation pattern of the SRT illuminated by the central

feed of the multifeed array with five feeds, at 3 GHz, at 3.75 GHz, and at 4.5
GHz.

The antenna gain is between 64.3 dBi at 3 GHz and 66.7 dBi at 4.5 GHz. The
cross polarization level is very good, it is between 28 dBi at 3 GHz and 30.8 dBi

at 4.5 GHz.
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Fig. 4.67: Radiation pattern of the SRT with the multifeed system (7 feeds).
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In this PhD thesis, the designs of three different microwave subsystems for radio
astronomical receivers have been presented.

The first project regards on the design of a new quadrature branch-line hybrid
with broadband performances and very flat phase-response. The design, operating
in X-Ku band, is based on the transposition in microstrip technology of a
combination of waveguide components used to build broadband polarizers.

The second project regards on the study of optical and mechanical configuration
chosen to install a 3 mm SIS receiver in the Gregorian focus of the Sardinia Radio
Telescope. Since the IRAM receiver was originally designed for the PdBI
antenna, a new optical and mechanical configuration had to be studied to adapt the
instruments to the SRT optics and to its cabin mechanical structure.

The third project regards on the design of a new wideband quadruple-ridged horn
antenna for a new multifeed S-band receiver of the Sardinia Radio Telescope. The
project consists of the design of two different configurations at the state-of-the-art
of the waveguide feed horn. The design and optimization of the waveguide feed
horn have been performed using the FEM commercial software Ansys HFSS. The
developed feeds provide a S11 < -20 dB in the operating bandwidth and a good
performance in terms of radiation pattern.

Nevertheless, the performances of the second configuration are greatly better than
those in the first configuration. The tightened specifications due to the new
bandwidth requirements, have allowed us to design a feed horn whose the
specifications are in very good accordance with the project specifications
required.
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