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Introduction

The atmosphere of the Sun is the ensemble of its most external layers in which eruptive events
can take place during periods of maximum solar activity, thus producing potentially hazardous
threats to Earth’s telecommunication systems and ground-based / space facilities, as much
as to aeronautical workforce. The main focus of this thesis work is the design of a receiver
capable of observing the solar activity in the microwave extended W-band, namely from 67
to 116 GHz: an up-to-now unprecedented spectral window for what concerns the observations
of such phenomena, which may provide observational forecasting signals of these events. The
Elegant Bread-Band n.2 (or EBB2) receiver, developed and characterized in this thesis, is part
of the Solaris project, i.e. a network of single-dish antennas located in Italy and Antarctica
which aims to a 24h global monitoring coverage of the solar activity, providing very concrete
contributions and applications to the Space Weather branch of physics. As a matter of fact,
the first chapter of this work is dedicated to an introduction to the Solar Physics and, in
particular, to the structure of the atmosphere of the Sun and its fundamental magnetic activity,
with the addition of key concepts about the physics of its radio band observable phenomena.
Successively, a description of the Solaris project follows, where an overview of its main features,
such as instrumental design, observing technique and current state of development, is provided
in Chapter 2. Furthermore, the third Chapter of this work aims to provide a preliminary
background on the general theory concerning radiometers and their practical applications, with
a special focus on the concept of Gain compression and Y-Factor, two fundamental aspects
essential to the derivation of the Noise Temperature of a receiver. This dissertation is an
introduction to Chapter 4, which treats the full experimental characterization of the EBB2
receiver’s single components and overall chain, as well as the study of its linear response in
conditions simulating real solar events too, such as the so-called flares. Moreover, once the
Noise Temperature of the device has been computed, thus marking its full characterization,
real solar observations have been conducted for the first time by installing the EBB2 receiver
in the 1.5 meter in diameter Solaris’ Milano test antenna. In chapter 5 of this work, the results
of such activity are discussed. Moreover in this chapter, the beam pattern simulation of the
optical configurations of both Milano and the 2.6 meter ROSA antennas (Concordia station,
Antarctica), through the employment of the software GRASP, are reported. This allowed the
study of the convolutions of their beam pattern with temperature profiles extracted from real
solar maps, obtained in previous observational campaigns. This last step not only made the
simulations of real observation of both the Quiet and Active radio Sun possible, but it also
cleared the way to a process of optimization for what concerns the choice of the Edge Taper
value to adopt for future observations with ROSA Telescopes.
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Chapter 1

The Sun: Structure, Magnetism and
Radio Observable Phenomena

In this first chapter, the physical framework required to place the study of solar radio emission
and its effects on space weather in context is provided. Following a summary of the Sun’s basic
characteristics and an explanation of its internal and atmospheric structure, special focus is
placed on the magnetic field’s function as the primary driver of solar activity and the 11-year
Solar Cycle. The physical mechanisms and observational signatures of eruptive phenomena,
flares, and active regions are then highlighted. The primary elements of solar radio emission
are finally presented, laying the theoretical groundwork for the radio-band diagnostics that will
be the focus of the ensuing chapters.

1.1 Solar Properties: Internal and External Structure

The Sun is a 4.5 billion years old G2V spectral type main sequence star, located at approxi-
mately 150 millions Km from Earth. It is characterized by the following quantities, reported
in cgs units:

■ R⊙ = 7 · 1010 cm;

■ M⊙ = 2 · 1033 g;

■ L⊙ = 4 · 1033 erg/s;

■ Te,⊙ ≈ 5770K.

1.1.1 Internal Structure of the Sun

The Sun’s chemical composition consists in 70% of Hydrogen, 28% of Helium and a 2% of
heavier elements and it possess a layered internal structure:

■ Core: it is the region in which the processes of termonuclear reactions of the star take
place and it extends up to approximately 0.25 R⊙, with a temperature reaching about
T⊙,core ≈ 1.5 · 107 K and a mean density of ρ⊙,core = 160 g/cm3.

■ Radiative Region: in this region, which extends between 0.25 and 0.7 R⊙, the energy
produced in the core is carried through the radiative transport mechanism, according to
the Schwartzchild Criterium [11];
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■ Convective Region: it extends from 0.7 R⊙ up to the surface; here the adiabiatic
gradient exceeds the radiative one and thus the energy is brought to the surface through
a turbulent plasma convective motions-dominated transport [11].

1.1.2 External Structure: the Solar Atmosphere

Right above the convective region, the external structure of the Sun begins and it is divided
in several main layers, i.e. photosphere, chromosphere, and corona. Given this work’s interest
in the study of the radio band solar phenomena, a part from the photosphere, which is related
to the visible emission, both the just mentioned last two upper layers of the Sun’s atmosphere,
chromosphere and corona, will be treated more extensively. Furthermore, in this external
regions, a heterogeneous radial gradient of the temperature can be observed [42].

■ Photosphere: this region, ∼ 500Km of altitude, is considered as the surface of the
Sun and is characterized by its optical transparency to the visible radiation, which is
thus able to isotropically propagate following a Black Body emission. With an effective
temperature of ∼ 5770K, here is where both Sun spots and active regions (AR) forms;

■ Chromosphere: the chromosphere is the lower layer of the solar atmosphere and, given
the relatively high luminosity of the photosphere, it can be observed by naked eye only
during a solar eclipse event. it is located approximately 2000Km above the photosphere.
Here an initial temperature inversion has been observed: initially, a temperature de-
crease takes place (∼ 4500K) while, as the altitude increases, the temperature rises up
to ∼ 104 K will continue this ascending trend up to the last layers of the atmosphere.
The reason behind this thermal behavior has not found an answer yet, remaining so a still
highly debated argument; few hypotheses stand out, among which possible magnetohy-
drodynamic heating processes or even phenomena of reconnection of magnetic field lines
in the corona [20]. As it will be treated in Sec.1.3.2, this is the region of major interest
in the radio emissions of the Sun;

Figure 1.1: Left: Temperature and Density variations as a function of the height from the solar
surface, where 0 Km stands for 1 R⊙. The distinction within the mentioned layers of the Sun’s
Atmosphere is very well visible. Credits: [32]; Right: The structure of the solar atmosphere con-
nected by magnetic (green) field lines. Corona: the hot upper atmosphere. Transition region: the
thin atmospheric layer connecting the chromosphere and the corona. Chromosphere: the atmo-
sphere up to about 2,000 km. Photosphere: the solar surface as seen in visible light. Credits:
https://solar-c.nao.ac.jp/en/
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■ Transition Region: it consists in a region in the external surface of the Sun in which the
temperature rises from the chromosphere’s 104 K to the typical coronal temperatures of
the order of millions of Kelvins. However, as one can observe in Fig.1.1 , a plot showing
the variation of temperature as a function of the Sun’s Atmosphere altitude, the transition
region is not considered as a proper physical layer lying between chromosphere and corona,
but more as a volume of extremely irregular shape, still characterized though by a very
thin thickness, thus reflecting the speed of the 104 → 106 K temperature transition [20];

Figure 1.2: An image of the solar corona in X-rays taken by the Trace (Transition Region and
Coronal Explorer) satellite. The image was obtained in a spectral band centered around 170 Å. Note
the fine structure of the coronal loops outlining the magnetic field lines. Credits: [43]

■ Corona: showed in Fig.1.2 , it is the most external region of the solar atmosphere
and presents extreme temperatures of the order of 106 K and its extension can reach
the Earth and far beyond. The optical radiation of this feeble - very low density -
gaseous envelope, due to its very faint brightness, can only be observed during an eclipse
event or through dedicated instruments such as the coronographers. The shape of this
region is heavily dependent on the Solar Cycle (treated in the next section): during the
periods of minimum activity, the corona presents a quite reduced and semi-regular shaped
extension with so called streamers, mostly stretching towards low latitudes. On the other
hand, during the periods of maximum activity, the shape of the corona is much more
extended and irregular, with streamers protracting almost isotropically [20]. The corona
is the region in which Coronal archs, bridges of ultra-hot plasma usually connecting two
Active Regions (AR), and Solar prominences (or filaments) can be observed: those can
be classified in two families, i.e. quiescent prominences and eruptive one; the latter type
can be associated to very violent events called Coronal Mass Ejections, or CMEs, showed
in Fig.1.3. Other noteworthy phenomena are the Coronal Holes, examples of non-closed
solar loops structures: mostly visible in x-rays, those area appear as impressive dark polar
region (Fig.1.4) which forms due to magnetic field’s lines which do not close and can, thus,
form events of high-speed solar wind [20].

1.2 Solar Magnetic Field and Solar Activity Cycle

The Magnetism of the Sun is one the most studied aspects of Solar physics, since it is believed
to be not only the starting point of the overall solar activity, but of the periodic Solar Cycle
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Figure 1.3: A spectacular CME occurred on April 14, 1980, observed with the coronagraph of the
High Altitude Observatory aboard the Solar Maximum Mission. The last three images were taken
at intervals of approximately one hour. Credits: [27]

Figure 1.4: Those two images of the Sun ni the soft X-rays have been obtained from Skylab and
Yokoh missions nearly twenty years apart (May 31, 1973, and May 8, 1992, respectively. In both
images, the presence of a coronal hole is clearly visible. Credits: [20]

too, which will be treated shortly. The basis of the magnetism in the Sun lies on the fact
that our star is composed for its most entirety by highly ionized fluid matter, the plasma.
The motion of the free charges plunged in this fourth state of matter (which is responsible
for the production of electric currents and magnetic fields themselves) is originated from the
internal turbulent convective motions and by the differential rotation of the Sun: given the
fluid nature of its composition, the angular velocity of the star varies as a function of the
latitude and, more specifically, the equatorial region rotates more rapidly (∼ 20% faster) w.r.t.
the poles; for this reason, the magnetic field lines, ”frozen” in the plasma, start to curl, with
a consequent thinning of the magnetic flux tubes (bundle of magnetic field lines enclosed in
a tube-like regions of plasma), causing the amplification of the magnetic field itself. When
a critical value is reached, the magnetic flux tubes start floating towards the surface, finally
emerging as bipolar regions, i.e.sunspots (Sec.1.3.1 ) [20].
As already anticipated, the magnetic field of the Sun is the main engine of the Solar Activity
Cycle: as a matter of fact, the star’s magnetism presents a 11 years-long cycle which manifests
mostly as a net variation of the sunspots visible on the surface of the Sun; it is thus the
observable manifestation of the so called Solar Dynamo effect [37]. If the phenomenon of
inversion of the magnetic polarity is considered too, however, it takes 22 years for the Sun to
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go back to the last polarity configuration. This magnetic cycle is called Hale’s Cycle, since
the second Hale law exactly states that the sunspots polarity gets inverted after each cycle [20].
Fig.1.5 (bottom plot) highlights the relation within the sunspots’ area expressed as a fraction of

Figure 1.5: Top panel: latitudinal distribution of sunspots over time (Maunder (Butterfly) Dia-
gram); Bottom panel: plot of the percentage of the visible hemisphere covered by sunspots, also
as a function of time. Credits: [14]

the visible hemisphere (averaged on each stellar rotation) and the time; Another characteristic
of the cycle is the latitude at which the sunspots appear, displayed in the top panel of the
same Figure. This plot is the Maunder diagram, or butterfly diagram, and represents the visual
representation of the Sporer empirical law : at the beginning of the cycle, the sunspots forms at
relatively high latitudes (∼ 30◦, on average) and then, as the cycle continues, they form closer
to the equatorial region (latitudes as low as ∼ 10◦) [20]. Each point correspond to the position
of a sunspot or AR in a given temporal position. The Solar Cycle Activity, though, is not just
about the number of sunspots; several other solar events correlates with the minima and the
maxima of the each cycle:

■ Shape of the Corona: as already anticipated, it changes dramatically spanning from a
very small extension and quite enlarged in the equatorial region, to a much more irregular
and by far more extended conformation during the cycle maxima, with a generally higher
coronal x-ray emission, as can be observed in Fig.1.6 ;

Figure 1.6: Left: image of the Sun’s corona during a period of minimum solar activity. The picture
was taken from a composite of eight separate photographs made by Fred Espenak (NASA Goddard
Space Flight Center) from Dundlod, India during the total solar eclipse of 1995 October 24. One
should note the shape of the corona limited to the equatorial regions only. Credits: [28]; Right:
image of the November 1999 solar eclipse, taken by Wendy Carlos, composer and ”coronaphile”.
Credits: [49]
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■ Solar wind events: the properties of the solar wind change, in conjunction with a
higher Earth-experienced consequences such as polar lights, geomagnetic storm and radio-
telecomunications disturbances

■ Number of explosive events: During critical periods of maximum solar activity, the
number of explosive events, i.e. Solar Flares, Radio bursts and Prominences (thus prob-
able CMEs) increases dramatically.

1.3 Solar Events and Radio Emission

In this section, a more detailed description of the Active Regions (AR), i.e. the ensemble of
the solar events whose frequency of appearance has been just discussed, is provided, with a
focus on the Solar Flares and on the observation of those two phenomena in the wavelength of
interest of this work: the radio band.

1.3.1 Active Regions and Flares

The Active Regions, or AR, are local regions in the solar atmosphere characterized by an or-
ganized and intense magnetic field, typically of bipolar nature and formed from the emergence
of magnetic flux in the convective region. As already anticipated while discussing the solar
magnetism in the previous section, their origin can be further explained as the emergence of
magnetic field’s tube-like structures forged by the solar dynamo effect: the field gets ampli-
fied in the inner layers of the Sun’s convective region, thus creating a condition of magnetic
instability. This causes those structures to start floating through magnetic buoyancy, finally
manifesting themselves as bipolar magnetic regions on the photosphere, usually associated to
pairs of opposite polarity sunspots [6][37]. As it will be briefly explained through the so-called
Parker model, the sunspots represent just the base of a three-dimensional magnetic system
which expands through the upper layers of the Sun Atmosphere. The Sunspots are considered
one of the most striking phenomena of the solar magnetism. Fig.1.7 shows a real picture in

Figure 1.7: Image of a sunspot in white light acquired by the Swedish Solar Telescope (SST),
owned and operated by the Institute for Solar Physics of the Royal Swedish Academy of Sciences.
Umbra, penumbra, light bridges and bright dots features can be observed in the spot structure, as
well as the convective cells surrounding it. Credits: [16]

white light1 of a huge irregular-shaped sunspot, in which morphologic aspects of this event can

1Observation in integrated visible light, i.e. without filters isolating a single wavelength or spectral line.
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be spotted, such as the umbra (the darkest region), penumbra (the gray region surrounding the
umbra), light bridges (the two bright structures connecting the opposite shores of the penum-
bra) and bright dots in the inner region of the umbra. The sunspots typically presents circular
of semi-circular shapes, with average diameters of the order of ∼ 30000Km, almost three times
the Earth. Their lifespans can vary based on their dimensions, typically being of the order of
weeks, even increasing for bigger sunspots or group of them, which can even reach ∼ 105 Km
in extension. The darker appearance of a sunspot is caused by contrast w.r.t. the photosphere:
as a matter of fact, their mean temperature is ∼ 4000K (vs the ∼ 5800 of the photosphere).
It is nowadays believed that this difference may rise exactly from the event which forms them:

Figure 1.8: Schematic sketch on the insurgence of an AR: as can be observed from such represen-
tation, a tube-like magnetic field structure emerge from the photosphere, mostly interrupting the
local convective motions and thus leaving a colder and very strong magnetic AR. Credits: [48]

the magnetic tubes, as can be visualized from Fig.1.8 , would actually inhibit the convective
motions in the sunspots, thus ending in a by far lower energy transport efficiency w.r.t. to
the one of the surrounding photosphere, consequently cooling down the interested region. In
other words, the magnetic field-flooded solar plasma, by abating the energy transport, acts as
a insulating medium [20].
As it is about to be further discussed, the AR are extremely tightly-linked with the majestic
phenomenon of the Solar Flares. The Solar Flares are explosive phenomena which cause
the emission in relatively short timescales of an enormous amounts of energy: for the most
energetic events, values up to slightly less than 1033 erg are reached. Their emission interests
all the electromagnetic spectrum, ranging from radio waves up to γ rays. Those spectacular
events form in AR or in groups of AR particularly complicated in their magnetic topology: the
higher the magnetic field’s complexity, the higher the probability of flare occurrence. This con-
cept can be explained through the Parker Model [20], i.e. one of the most accredited method
out of the many in which the coronal heating processes (whose theoretical ambiguity has al-
ready been anticipated earlier) has been tried to be explained: by the time a new AR forms
(hours/days timescales), the coronal magnetic field lines are arranged in well-organized loop
structures connecting regions of inverse polarity. However (Fig.1.9), due to the photosphere
convective motions, the bases (or ”feet”) of the single lines get chaotically dragged by the
plasma, thus knotting, curling and intertwining them; in this magnetically complex scenario,
when lines belonging to AR of inverse polarity interact with each other, the phenomenon of
Magnetic Reconnection takes place, thus causing

■ Plasma heating (the magnetic energy gets converted into thermal energy, heating up to
∼ 106 K);

■ Particles acceleration (formation of the Solar Energetic Particles, or SEP, i.e. ions and
electrons even ejected into open space)
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Figure 1.9: Parker Model for coronal heating: the magnetic field lines connecting opposite polarity
regions gets chaotically intertwined due to the convective cells plasma motions in the photosphere. In
the regions in which different direction fields get in contact, the phenomenon of magnetic reconnection
takes place, provoking the conversion of magnetic energy into thermal energy. Credits: [20]

■ Hard X-rays and non-thermal radio emission (flare impulsive phase emission, tens of
seconds/minutes timescales [3]).

Figure 1.10: Schematic map of the physical processes that may occur during the phenomena of
magnetic reconnections. Credits: [2]

This process, schematically shown in Fig.1.10, leads to the formation of Solar Flares and usually
of CME too (causing the polar lights), even if the occurrence of flares is not bijective w.r.t. the
other violent solar events discussed earlier, such as eruptive prominences and CME. Clearly,
since these violent events are orignated in AR, their frequency of appearance is tightly linked
to the Solar Activity Cycle.
The intensity of solar flares has been categorized by the National Oceanic and Atmospheric
Administration, or NOAA [30], on the basis of their X-ray spectral luminosity in five different
classes, reported on Tab.1.1. Generally, except for the X-class flares, the class is followed by

Class X-rays Power [W/m2]
A P < 10−7

B 10−7 ≤ P < 10−6

C 10−6 ≤ P < 10−5

M 10−5 ≤ P < 10−4

X P ≥ 10−4

Table 1.1: NOAA flares logarithmic classification on the basis of X-rays Power in units of [W/m2]

a number between 0 and 9 (for example, a M.5 flare corresponds to a P = 5 · 10−5 W/m2).
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Given the large amount of high-energy particles beams in solar winds and in the magnetosphere
produced by those phenomena, solar flares can cause serious impact on the Earth climate, as
well as on satellites, orbiters and spaceships, astronauts crews included. A, B and C-type flares
are quite frequent, with a very low impact on our planet; class M flares are able to cause radio
blackouts on the hemisphere facing the Sun; the X-Flares, the most powerful among all the
classes, occur more frequently during periods of maximum solar activity and can produce very
strong geomagnetic storms and heavy radio blackouts.

1.3.2 Solar Radio Emission

The Solar radio emission is traditionally divided into a background component, the Quiet
Sun (QS ), a slowly varying component (associated mainly with AR) and a sporadic (burst)
component [18]:

■ Quiet Sun - QS: compared to the other components of the solar radio emission, the
radio QS has the advantage of being fairly well understood as originating from thermal
bremsstrahlung (free-free) in local thermodynamic equilibrium, or LTE, since it is generated
by the electrons interacting with ions in the presence of relatively week magnetic field [42].
Under those conditions (and in general for radio weaves), its emission is well characterized
by a Black Body under the Rayleigh-Jeans limit hν/kT ≪ 1:

Bν(T ) =
2ν2kBT

c2
, (1.1)

where the Temperature T is not constant, but varies with ν: given the free-free emission
mechanism, the cross section σff (and thus the opacity, kν ∝ neniσff → kν ∝ n2

eσff since
ne ≈ ni in ionized plasma) decreases with the frequency, since at first approximation

kν ∝ n2
eT

−3/2ν−2 . (1.2)

For this reason, at high frequencies the plasma is less opaque, so deeper layers can be ob-
served. At lower and lower frequencies instead, one can only see more external ones, which
are characterized by higher and higher temperatures. So to give a practical examples,
reasoning in terms of wavelengths, each λ identifies a different atmospheric layer:

□ 1mm → lower Chromosphere (∼ 4− 6 · 103 K);

□ 1 cm → higher Chromosphere (∼ 104 K);

□ 10 cm → Corona (∼ 106 K).

Given its easy modeling, the radio Quiet Sun represents, thus, a very powerful diagnostic
tool for the analysis of a wide range of atmospheric layers of the Sun, as it can be observed
in Fig.1.11 .

■ Component-s (slowly varying): radio observations are valuable in providing information
on temporal variations of the emission from active regions. In particular, this specific
component of the solar radio emission is associated to non-flaring active regions. The
main mechanism of production of this emission is the thermal free-free radiation from
hot plasma trapped in AR loop structures and it peaks around the 10 cm wavelength.
On long timescales, the total radio flux integrated over the whole disk is known to be a
good index of solar activity, as it shows good correlation with relative sunspot numbers.
However, signals of this components have an amplitude of almost two order of magnitude
smaller compared to the QS component and intensity fluctuations caused by terrestrial
atmosphere dominate [42];
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Figure 1.11: Contribution functions (blue) at several wavelengths, highlighting which atmospheric
layer majorly contributes to the radiation observed at given frequency; the red line shows instead
the behavior of the temperature as a function of the height (in Km units, where 0 represents the
1 R⊙ Sun surface). Credits: [42]

■ Burst component: the last component of the radio solar emission is characterized by
non-thermal emission bursts, whose duration is typically included within few seconds up
to few days and its intensity can surpass the one of the QS by several orders of magnitude.
These radio bursts are tightly linked to the solar flares and they have been classified in
five categories (Type I-V bursts) and each one refers to a different physical mechanism
[20]. Speaking in terms of diagnostic contents, the two most important burst types are
Type II and Type III bursts, since they are strongly connected to the flare events:

□ Type II bursts - Coronal Shock Waves: those radio bursts are associated to
magnetohydrodynamical shock waves which are usually driven by fast Coronal Mass
Ejections, CME [26];

□ Type III bursts - Impulsive Electronic Acceleration: maybe the most impor-
tant type among the two, they represents the observational evidence of the acceler-
ation of electrons driven by the already discussed effect of magnetic reconnection,
forming thus Solar Energetic Particles (SEP) which can propagates through open
magnetic field lines. Their importance come from their predictive power: before the
occurrence of major flares, a series of Type III bursts can be observed, giving hints
on initial preparation of magnetic reconnection, thus being a premature diagnostic
of magnetic instability [3].

A typical sequence of flare formation could thus observationally presents as follows:

1. Magnetic instability in a AR;

2. Impulsive Reconnection event → Type III

3. CME ejection

4. Coronal Shock → Type II

5. Interplanetary propagation of the possible SEP
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Finally, as for what concerns the radio-band electromagnetic emission of the AR, that is usu-
ally dominated by a non-thermal gyromagnetic component, a synchrotron emission generated
by energetic electrons spiraling on their extremely intense magnetic field lines. This kind of
radio emission represents thus a direct diagnostic not only of the coronal field but also of the
populations of accelerated particles [10].
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Chapter 2

The Solaris Project

This chapter describes the Solaris Project, including its technological advancements, opera-
tional plan, and scientific justification. Following an introduction to the network’s conceptual
framework and its applicability to Solar Physics and Space Weather applications, the discus-
sion turns to the instrumental design, observing technique, and calibration strategy used for
solar monitoring. Lastly, the project’s current state of development is outlined, emphasizing
the path toward an ongoing, worldwide solar monitoring network from prototype validation to
the construction of Antarctic and mountain observation sites.

2.1 Introduction

The Solaris Project, namely ’A smart Solar imaging system at high radio frequency for con-
tinuous Solar monitoring and Space Weather applications’ (Fig.2.1) is a network of small solar
radio telescopes designed for operations in Antarctica and other polar/mountain sites which,
under unique observing conditions (i.e. very low sky opacity and long solar exposures), is able
to provide an unprecedented solar monitoring in radio W-band (75 − 110 GHz)1. This can
be achieved through single-dish imaging techniques at radio frequencies which can provide the
mapping of the whole solar disk in less than 30 minutes, with a typical angular resolution of
of ∼ 4′. This process allows an unprecedented identification and spectral analysis of AR, after
and during solar flare events, providing concrete advantages to both the Solar physics research
and Space Weather applications. The scientific and technological background of Solaris is based
on the knowledge pursued by the experience of the same research group on large single-dish
radio telescopes observations at lower radio frequencies (64m SunDish project [35] and 32m
Medicina SRT INAF dishes [33]) [34], as well as on ALMA Band 2 receiver’s developments [52].

2.2 Solaris: Concept, Objectives and Space Weather

As already anticipated, studying the solar atmosphere at different frequencies represents a ma-
jor topic of current astrophysics and Space Weather; However, not only the high radio frequency
observations are generally sparse, in particular in the 20 − 200 GHz range, but the dynamic
chromosphere activity lacks continuous/frequent monitoring suitable for Space Weather investi-
gations: in particular, accurate measurements of the QS component of the Solar radio emission
are lacking and/or scattered above 40 GHz. This is caused by the difficulty to separate the

1This is the standard W-band frequency range definition. In this work, it is alternatively considered as a
W-band the extended 67-116 GHz frequency range.
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Figure 2.1: Left: Solaris radio telescope 1.5 m prototype in Milan; Center: the Solaris 2.6 m
station at Testa Grigia (Italian Alps); Right: the 2.6 m radio telescope at Concordia Station,
Antarctica. Credits: [34]

pure QS from AR contributions, given the faint signal of the Solar radio emission’s slow compo-
nent w.r.t. the QS level (see previous chapter). The disentanglement of the two, as well as for
peculiar large-scale structures such as coronal holes, loop systems and filaments, represent thus
an open issue while studying radio ARs [21][50] and, as stated in the previous section, the AR-
tightly linked signatures anticipating the flaring process can be quite observed by continuous
radio monitoring. As a matter of fact, single-dish techniques offer accurate calibrated images
independently from the target size, since actually free of synthesis imaging artifacts affecting
the interferometric observations [23][33][24][22][34].

Speaking of QS, by employing the favorable observing conditions of Solaris network of
antennas, a detailed measurements of the brightness temperature of the QS chromosphere
and AR can be performed, contributing to Space Weather monitoring network and forecasts
[34]. This is due to the very high solar radio brightness, which can be thus detected with
relatively small telescopes and not particularly sophisticated detectors: for this reason, smart
single-dish radio mapping of the solar disk is more suitable w.r.t. interferometric observations,
given the necessity of dedicated and expensive short-baseline facilities requiring complicated
calibration and data-analysis processes, especially for high frequencies. In this context, the
Solaris Observatory can offer the unique opportunity of a continuous monitoring of the Sun in
W-band in optimal conditions, during the Antarctic summers, operations impossible to achieve
by the other presently available radio solar facilities [34]. This frequency band can offer a clear
and unprecedented picture of both thermal and non-thermal evolution of the active sun, thus
providing critical information about potentially hazardous solar events affecting both ground-
based and space infrastructures, as much as aeronautical safety. In that direction, the broad-
band analysis of eruptive events shows changes in their microwave/radio spectra a few days
prior the event, suggesting both the emergence of a new AR photospheric magnetic field and
shifting movements of the sunspots [42][4][5][1]. Such variations (i.e. flattening of the spectral
index, computed by a multi-frequency analysis of the W-band radio solar spectrum) can be
used as predictive criterion of eruptive and geoeffective events on the Sun, by anticipating
the occurrence of flaring/CME processes.
Concerning the exploitation of the Solaris data, the operative plan is to focus thus on both Solar
Physics Science and the Space Weather applications just described. Operatively speaking, the
early science phase will include [34]:

17



■ QS component’s brightness temperature accurate measurement and monitoring of the
slow component in W-band;

■ Space Weather services focusing on continuous monitoring of flux/spectral variations of
high-frequency counterpart of AR and flares;

■ Correlation of detected solar events with high energy solar plasma flux on Earth and
near-Earth space.

2.3 Solaris Receivers and Observation Strategy

The possible Solaris receivers will be built by taking advantage of the technological experience
grown while developing the ALMA Band 2 receiver [52], whose first prototype was integrated
and tested in the Solaris group’s INAF-OAS laboratory, in Bologna. This technology, praising
a world record in RF bandwidth ([67− 116] GHz), suits very well for the goals of Solaris, since
in principle it allows multi sub-bands instantaneously observations of the Sun (thus being able
to compute a spectral index). However, as opposed to the ALMA receivers, the intense solar
signal does not require a very high level of amplification for the Solaris’ ones, nor a very low level
of system noise, thus avoiding the cryogenic temperatures’ work as for usual radioastronomy
receivers. Yet, they need to be carefully designed and optimized so to not run into saturation
due to the just mentioned high solar signal. as well as being sufficiently thermally stable while
performing measurements.
For what concerns the observation strategy, the solar mapping is performed through 25 minutes-
each Equatorial On-The-Fly (OTF ) imaging scans, which provide continuous data acquisition
through scans of the solar disk in RA and Dec (1.5◦ x 1.5◦ map, 5 arcmin/s scan speed, 4
scans/beam). Features on the solar disk can evolve on very short timescales, thus daily - or
even more frequent - monitoring is the optimal choice for dedicated radio solar facilities. When
observing in Antarctica sites with OASI [9] and COCHISE [40] Telescopes, located respec-
tively at the Mario Zucchelli Site (MZS) and Concordia base station, due to the very long
Solar visibility windows, ∼ 20 solar images/day can be produced during summer, according
to simulations including overheads and accounting for local orography [34]; this will allow un-
precedented continuous solar monitoring hourly, finally producing output FITS images suited
for further analysis by standard astronomy tools. Furthermore, given the apparent proper mo-
tion of the Sun in celestial coordinates of about 2.5 arcmin/hour, a blurring effect comparable
to the beam size affects the raw images, for a typical mapping time of ∼ 1.5 hours. This
can be seen in Fig.5.18 (Sec.5.2.1), which shows one of the Sun images obtained during the
2025 Antarctica Solaris mission. Finally, calibration observations are required to convert the
raw maps to brightness temperature images; a brightness reference of about 7000K has been
obtained for the QS level in the Solaris frequency range [19].

2.4 Project development

In summary, the development of the Solaris program can be structured as follows [34]:

1. University of Milano Telescope prototype : there, a 1.5m telescope has been re-
alized for instrumentation and procedure development, validation and early tests. The
first light of such instrument has been obtained on March 2024, observing the brightness
profile of the solar disk in the [86.7, 102.9] GHz frequency range, shown in Fig.2.2;
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Figure 2.2: Left: First light of the Solaris 1.5m radiotelescope prototype in Milan obtained through
a solar transit observation in March 2024; Right: test observation during the ”Mother’s Day”
geomagnetic storm in May 2024, in which is clearly detected a very powerful Active Region. Credits:
[34]

2. Mountain Station establishment: a 2.6m radio telescope (with a twin primary mirror
to the Antarctica Solaris antennas) has been installed by Sapienza University in Rome at
Testa Grigia Station [15], located on the italian Alps at 3500m a.s.l. Such site provides
good sky conditions in extreme mountain environments, mimicking Antarctica-like condi-
tions but in a more accessible location. Testa Grigia provides mid-season solar coverage,
complementary to polar monitoring;

3. Antarctica permanent solar observatory: both in Mario Zucchelli and Concordia
stations, Antarctica, a permanent Solaris polar Observatory has been approved by the
PNRA (Italian National Program for Antarctic Research). There, Solaris exploits already
existing radio telescopes, OASI and COCHISE as previously named, in both the above
mentioned stations for solar monitoring at high radio-frequencies;

4. Northern hemisphere observatory: Solaris program aims toward a 24h global cover-
age for high-frequencies solar monitoring during the whole year. This can be achieved by
the future realization of a Northern hemisphere Solaris station: feasibility studies for the
implementation of Solaris in suitable Scandinavian/Arctic sites are ongoing.

5. 5m UniCal Telescope: a 5-meter class telescope is foreseen to be installed at the
University of Calabria to observe the sun in K-band (18-26 GHz).
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Chapter 3

Radiometers and VNA Analysis

Basic concepts for microwave Radiometers and measurements useful for the EBB2 receiver’s
characterization are presented in this chapter. The first section covers the basics of radiometers’
theory necessary to this work’s operative steps, such as the important parameters to characterize
the microwave receiver’s output power. It then moves on to the physical principles of the
receiver’s fundamental parts, the Square-Law Detector Diodes and the Low Noise Amplifiers,
with a focus on Gain Compression and the Y-Factor method for determining the receiver’s
noise temperature. The second and final part of this chapter introduce the Vector Network
Analyzer (VNA), the instrument used to fully characterize the receiver’s components, and the
Scattering Matrix formalism, which offers the mathematical basis for the RF network analysis.

3.1 Elements of Radiometers Theory

Microwave receivers (MWRs) are devices capable of detecting the electromagnetic waves in
the microwaves band, from centimeter wavelengths up to the sub-millimeter, corresponding to
a frequency range between 1GHz and 1THz [13]. The receiver is responsible for amplifying,
filtering, and combining the incoming signal to properly detect the signal itself with a Signal-
to-Noise Ratio necessary to measure the astrophysical properties of the sources in the sky. The
technology implemented in Solaris receivers is based on the total-power receiver’s architecture
and utilises HEMT-based Low Noise Amplifiers (LNAs) as the active components, thus ampli-
fying the signal to detectable levels. In Fig.3.1, a simple sketch which depicts the detection
process of a receiver, which is about to be treated in further details (the assumed structure is
the one of the EBB2). Two fundamental relations regarding the microwave receivers, which

Figure 3.1: The block diagram of the EBB2 receiver and its detection process.

will be extensively used in this work, are the following [17]:

∆Tmin =
Tsys√
∆ν · τ

(3.1a)

20



Pout = G · (TN + TA) · kB ·∆ν (3.1b)

where

■ Tsys is the system temperature, which is the sum of the receiver’s total noise temper-
ature, TN , and the input Antenna Temperature TA;

■ τ is the integration time of a single measurement point;

■ ∆ν is The working frequency range of the receiver,

■ Pout is the power at the output of the radiometer, after the aplification stage.

■ G is the Gain of the system: it quantifies the overall amount of amplification of the input
signal. Furthermore, as its unit of measure [ V olt

Kelvin
] testifies, it represents the conversion

factor within the output receiver’s power and the total temperature of system;

■ kB is the The Boltzmann constant.

Eq. 3.1a, which will be employed during the discussion on the convolutions treated in
Sec.5.2, refers to the Radiometer Sensitivity, being ∆Tmin the minimum variation of temper-
ature detectable by the receiver itself. Its dependence on the inverse of the square root of τ ,
i.e. the integration time, implies that the higher the integration time, the higher the amount
of data collected and, consequently, the smaller the variation of temperature which can be de-
tected by the receiver, resulting in a higher radiometric sensitivity. The same concept applies
to the dependence on ∆ν, the overall bandwidth of the radiometer: the larger the bandwidth,
the higher the sensitivity.
For what concerns Eq. 3.1b, it highlights the dependence of the output power of the receiver
on input temperature : it is related to TN and G, which are the most important characteristics
parameters of the radiometer and have to be estimated with very high precision. An important
post-processing anlysis of a radiometer detection data is to convert its output power Pout into
the actual physical variable related to the observed source, TA, by decoupling it from the in-
ternal noise produced by the instrument itself. For this reason, the aim of its characterization,
as will be applied for the EBB2 receiver in this work, is to accurately determine the couple of
values (G, TN), so to identify the amount of noise equivalent temperature produced internally.
In the TN computation, the concept of Y-Factor is a key application, as will be discussed in
Sec3.3.3. Moreover, in the total power architecture, a square-law detector converts the RF
signal into a DC Voltage whose value is proportional to the RMS of the power entering the
detector Vout ∝ Pout. Equation 3.1b can be thus rewritten in a more general way:

Vout = G∗ · (TA + TN) · kB ·∆ν , (3.2)

where G∗ in [V/K] units, accounts for total gain of the receiver and the constant of the
square-law detector. The equivalence between the Temperature and Power has been employed
in this work too, especially during the application of the concept of linearity of a receiver, treated
in the following sections: in 1928, J. B. Johnson and H. Nyquist proved that each resistive
component of a circuit generates thermal noise, thus behaving as resistors and emitting a Noise
Power which is linearly proportional to their physical temperature Tphys, in the bandwidth of
operation [17]:

Pnoise = kB · Tphys.∆ν (3.3)

A discussion about two types of RF components mounted in the EBB2 receiver will be now
presented.
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3.2 The Square-Law Detector Diodes

The Square-Law Detector Diode is a passive electronic device capable of detecting RF signals:
in order to do so, it converts an input Alternated Current (AC ), which is an oscillating signal,
into a constant output Direct Current, or DC. In particular, this behavior can be described by
the following relation [8]:

Vout ∝ V 2
in , (3.4)

thus highlighting its denomination as ”Square-Law” detector. Eq. 3.4 comes from the applica-
tion of the Ohm Law to the power equation for an electric circuit, namely{

V = R · I
P = V · I

By plugging the current I from the Ohm Law (I = V/R) into the power equation, it results in
P = V 2/R and, thus, in the proportionality P ∝ V 2. This last simple relation, if applied to
Eq. 3.4, fully describes the behavior of Detector Diodes, since

Vout ∝ V 2
in ∝ Pin . (3.5)

Therefore, Eq. 3.5 underlines two important trends: a non-linear behavior within input and
output voltages and, instead, a linearity w.r.t. the input power at the detector. Thus, the
Diode, mounted as the last component of the RF Chain, possesses a linear proportionality
between the power of the incoming oscillating signal entering the device itself and its output
DC voltage, thanks to its nature as non-linear device. The range of input powers (units of
dBm1, or mW ) hosting this particular response is characterized by the following relation [8]:

V = K(
√
Pin)

α/2, (3.6)

and it describes the Square-Law region, where the working range is set for α = 2: this relation
comes from the Taylor expansion of the Diode behavior in the case of small input signals
(Pin < −20 dBm) only. Furthermore, K is an experimental proportionality constant which
depends on several features of the Diode itself, such as the impedence of the system and,
partially, on the frequency of the signal. In particular, in the Square-Law region, K provides a
conversion factor between the output voltage and the input power:

K =
Vout [V ]

Pin [W ]
(3.7)

Following Eq. 3.7, bigger values of K describe highly sensitive Diodes, for which to low input
values of Power follow significant output voltages.

3.3 The Low Noise Amplifiers

The amplifiers employed in radioastronomy are called Low Noise Amplifiers, or LNAs. In
this section, their properties will be discussed: by doing so, a detailed description of their
functioning will be provided, in order to fully understand the practical application of these
devices, employed in the receiver which have been developed during this thesis work.

1As opposed to the dB, unit of relative power, the dBm is a unit of absolute power which refers to the power
level relative to 1 mW as it is expressed as PdBm = 10 · log10(P/1 mW )
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3.3.1 LNAs and HEMTs

A High Electron Mobility Transistor, or HEMT [8], is a device in which an applied voltage is able
to rearrange the electrons allocated in a two-dimensional gas, feature which highly enhances
their mobility since, by being forced to move in a quantum mechanically-confined plain, they
are significantly less exposed to scattering phenomena. The result of this modification of the
charge distribution is the creation of a privileged channel of electrons propagation. It is the
most used technology for amplifying high frequency signals at microwaves. The HEMTs are
controlled by a set of three variables:

■ The Drain Current, Id;

■ The Drain Voltage, Vd;

■ The Gate Voltage, Vg.

Figure 3.2: The HEMT structure with the three terminals: Source, Gate and Drain. In green, the
two-dimensional electron gas (2DEG)

The latter is the one which, once applied to the Gate Terminal, i.e. one out of the three HEMTs’
Terminals, is able to produce the above-mentioned charge rearrangement and, furthermore,
to control the current between the other two terminals: the Drain Terminal and the Source
Terminal. The overall set of values Id, Vd and Vg is known as Bias, and its tuning can optimize
the HEMT’s performance and response, or, in other words, can improve the amplification of
the incoming electromagnetic signal. A Low Noise Amplifier, or LNA, is a device structured as
several cascaded HEMTs, stacked and packed into a compact configuration. As a matter of fact,
the so called LNA Packaging is a fundamental aspect of amplifiers design, determining their
final performance and capability of surviving in extreme condition too. This device is classified
as an active component since, by being externally powered is able to provide a positive Gain
to the RF chain of a receiver, thus amplifying an incoming signal. On the other hand, this
does not happen with passive components, since they are not connected to any external power
supply and thus they are only able to attenuate or at best conserve the signal flowing through
them. In Fig.3.3 the so called power block unit, wired to a power supply to drive the LNA of
Solaris receivers, is shown.

3.3.2 Gain Compression

The Gain Compression [8] is a topic which represents a key aspect of radiometer’s design, for
this reason, it is here discussed. It refers to the phenomenon through which an input power, Pin,
exceeds the limit below which the output one, Pout, is linearly amplified. This effect acquires
a very high relevance in the receiver employed in this work, since the Solaris project aims
to perform solar observations in the W-Band: the very high solar radio brightness (already
introduced in Sec.2.3) could easily lead to the effect of saturation by exposing the receiver to
very high Pin input values.
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In order to explain this phenomenon, the so-called Amplification Curve must be introduced:
as displayed in Fig. 3.4, this plot shows the relation within an input value of power, in absolute
power units, [dBm], and its corresponding output one. When this relation is linear (highlighted
by the orange area in the figure), a constant Gain condition is satisfied. Usually, as the input
power keeps increasing, the real response starts to differ from the theoretical linear one: in this
region, a saturation of the signal starts, thus reaching the condition of Gain Compression where,
ultimately, the output power does not vary anymore, as the input power increases. This area
of compressed Gain is called Compression region. A way to identify the threshold between the
two areas explained so far is the so called 1 dB compression point, or P1dB: this information is
usually provided in the LNAs’ Data sheets and it refers to the point in which the input power
differs of 1 dB w.r.t. the output one, signaling the very entrance of the saturation regime.

3.3.3 Y-Factor and Noise Temperature

The Y-Factor is the experimental procedure through which the receiver is characterized in terms
of noise, thus through which the noise temperatureTN , and gain, G, are measured [51]. Since
the radiometer equation Eq.3.1b represents a linear behavior in the cartesian plane (Pin, Pout),
as shown in Fig.3.4, the response can be measured in such linear region by providing two

Figure 3.3: Left: power system of the LNA used in Solaris. The HEMT LNA device (red circle)
is powered by a power block unit (yellow circle) which provides energy to the power supply (black
circle), i.e. the device through which the bias levels can be controlled and tuned. Right: image of
the power block - power supply system. The Low Noise HEMT Power Supply is the ”switchboard”
through which the Drain Current Id and the Drain Voltage Vd can be tuned. The Vg can be instead
measured with a multimeter. The LNAs commercial suppliers usually already provide the so called
Nominal Bias: the best combination of Vd, Id and Vg corresponding to the most optimized Gain
value.
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Figure 3.4: The Amplification Curve: highlighted in orange, the linear region of the curve, where
the amplification linearly return an output power from an input one (absolute power units, [dBm]).
Outside this region, the compression is showing the saturation of the amplification: the same output
power results from higher an higher input ones (Compression region).

different levels of input antenna temperature, namely a hot source TH and a cold cold source
TC , recoding then the respective output power. The Y-Factor is expressed as

Y =
PH
out

PC
out

, (3.8)

where PH
out and PC

out are, namely, the output power of the receiver pointed at the hot source and
its output power pointed at the cold one. Alternatively it can be defined in terms of Voltage
outputs after the detection stage, so

Y =
V H
out

V C
out

. (3.9)

In this work, the direct observation of the Sun will be used as hot source and the sky back-
ground signal as the cold one. To proceed with, if Eq. 3.1b is plugged in both numerator and
denominator of Eq. 3.9, the Y-Factor becomes

Y =
GkB∆ν · (TH + TN)

GkB∆ν · (TC + TN)
=

TH + TN

TC + TN

which, by multiplying both members for (TC + TN) and by grouping by the Y-Factor, it trans-
forms into

Y · Tc + Y · TN = TH + TN

Finally, it is possible to obtain the relation of the noise temperature of a receiver as a function
of the Y-Factor:

TN =
TH − Y · TC

Y − 1
(3.10)

The implications of this last equation, related in particular to the concept of Gain Com-
pression, will be reported in more detail in the next section.
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3.3.4 Role of Y-Factor and TN in Gain Compression

The Y-Factor, as already stated above, can be used to measure the TN and, as it will be in-
troduced in this section, the Gain of a radiometer too, both while in its the linear regime.
Although, when applied to the concepts of Gain Compression and Amplification Curve just
discussed, the Y-Factor acquires a new function: it can be employed to indirectly verify the
Linearity of a receiver, i.e. wether it works in the linear regime rather than inside the com-
pression one. Determining this information is of utmost importance, since the primary scope of
the Y-Factor, finding the receiver’s Noise Temperature, can be fulfilled only if the instrument
works in its linear regime.

To proceed with the reasoning, it is necessary to manipulate the Amplification Curve in a
new form: by applying the Johnson-Nyquist Law (Eq.3.3), for which P ∝ Tphys, such Ampli-
fication Curve can be expressed as the visual expression of the relation Pout vs Tphys, i.e. the
power coming out from a receiver versus the physical temperatures of the sources related to
their powers, taken as inputs by the receiver itself. With this amplification curve new form, as

Figure 3.5: The TN as the intercept of the straight line passing through the two test temperatures,
hot and cold, with the Amplification Curve x-axis (turned into an array of sources temperatures
instead of input powers).

displayed in Fig. 3.5, the TN is none other than the intercept on the negative x-axis (now host-
ing temperatures) with the straight line passing through the two other temperatures appearing
in Eq. 3.10 , TH and TC .
In order to better constrain the TN resulting from this method, a wider set of temperatures
not only would efficiently serve that purpose, but would make the computations of a Y-Factor
for each combination of temperatures couples possible. Having said so, the correlation within
Linearity study, Y-Factor and Noise Temperature is straightforward: in case of Linearity (Am-
plification Curve in linear regime), all the TN values resulting from each of those Y-Factors
should be comparable within the errors, highlighting the same intercept for each of the the-
oretical lines generated by the all the individual combination of the temperatures pairs, thus
denoting the same angular coefficient among them all. For what concerns the case of Compres-
sion, most of the lines would instead end up in very scattered intercept values of the x-axis.
This concept can be clearly visualized in Fig. 3.6.
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Figure 3.6: The effect of scattering of the TN values resulting from a set of temperatures in
the compression region. For the sake of visual clearness, instead of drawing a line for each of the
combination of temperatures of a given set, the ones displayed are related to the pairs of all the
temperatures coupled with the TC only, so (TC , T ).

To conclude with, the last underlying concept is the slope of the straight line communal
to all the temperatures sitting on the linear region and consequently identifying the system’s
TN (the linearity is thus assumed): its very angular coefficient is exactly the Gain value G
appearing in Eq. 3.1b, computed, so, thanks to the Y-Factor. Once both Tn and G have
been thus graphically obtained, as it has been stated at the end of Sec.3.1, the measured value
of Pout is then enough to properly decouple the artificial noise of the receiver from the real
astrophysical signal, thus marking a final result in the radiometer characterization.
Lastly, it is noteworthy to explain what is really meant for the linearity study of an entire
receiver: in the case in which a combination of active and passive elements are connected in a
complex RF Chain, the Linearity which has to be tested is the one of the entire receiver and
not only of the single component. In the receiver developed and tested in this work, the only
internal components affecting their linear responses are the LNA and the Detector Diode: it
is for this reason that the overall linearity of the EBB2 receiver must be checked in the area
of input powers hosting both the LNA linear region and the above mentioned Detector Diode
square-law region, has it will be treated in further detail in Sec.4.3.5.

3.4 The Vector Network Analyzer

The Vector Network Analyzer (VNA) showed in Fig.3.7 is laboratory instrument which is able
to fully characterize a Device Under Test, or DUT, or rather to examine its response to a signal
emitted by the VNA itself, which passes through it. The DUT can be a single RF component
as well as both the entire RF chain of the receiver or composite parts of it, depending on the
kind of analysis performed. The overall system of the DUT connected to the VNA ports is
called Network and, depending on the number of ports included in the test, it can be called in
different ways: if just one is employed, then it is the case of a One-Port Network (case of the
EBB2 receiver’s Horn characterization); if two of them are considered, then the system gets
called Two-Ports Network and represents the most commonly used configuration, as it serves
as basic building block to the expansion to larger networks [36](all the other characterizations
in this work have been carried in Two-Ports Network setting).
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The full characterization of a 2-Port network DUT is done by measuring the so called Scattering

Figure 3.7: The Vector Network Analyzer, or VNA. The two red arms connected to the main
instrument are the two ports, Port 1 (left) and Port 2 (right) through which a signal is injected in a
given DUT.

Matrix, whose elements are the Scattering (or S-) parameters. The VNA injects and measures
the signal at the two ports of the DUT during a frequency sweep in the bandwidth of interest
and, in principle, this signal can approach each port in two different directions: inward or
outward. As can be understood from Fig.3.8, the two inward directions are labeled by the

Figure 3.8: The Two-Port Network : the a vectors represent the incoming waves direction, while
the b ones the exiting ones.

parameters a1 and a2, respectively at Port 1 and at Port 2, while the outward directions are,
namely, b1 and b2. Those four parameters are correlated to the above-mentioned Scattering
Matrix as follows: (

b1
b2

)
=

(
S11 S12

S21 S22

)(
a1
a2

)
. (3.11)

This matrix, a 2×2 one in the case of a 2-Port Network, is well characterized by the fundamental
S-parameters: S11, S12, S21 and S22. Thanks to this mathematical feature, the VNA is able
to draw a relationship between all the signals passing through the Network, thus building a
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direct link between the incoming and the exiting waves through the following expansion of the
Scattering Matrix into equation forms:

b1 = S11a1 + S12a2 ,

b2 = S21a1 + S22a2 .
(3.12)

By now defining the a, b variables as the so called incident voltage waves, a1 = V +
1 , a2 = V +

2

and outgoing/reflected waves, b1 = V −
1 , b2 = V −

2 , let’s discuss the concept behind each of the
S-parameters:

■ S11 = b1/a1 = V −
1 /V +

1 , or input port voltage reflection coefficient. Namely, is the
signal exiting from the input Port 1 normalized to the one incoming to the same port. If
b1 = a1, so V −

1 = V +
1 , no signal passes through the network, resulting in a total reflection;

■ S21 = b2/a1 = V −
2 /V +

1 , or forward voltage gain. That is the ratio between the wave
exiting from Port 2 and the incoming one to Port 1. It represents the response of the
network to a signal passing through it, carried in the forward direction (upper arrows
path in Fig.3.8);

■ S12 = b1/a2 = V −
1 /V +

2 , or reverse voltage gain. It follows the same concept of its
counterpart S21, but this time with inverse path direction through the network (lower
arrows path in Fig.3.8);

■ S22 = b2/a2 = V −
2 /V +

2 , or output port voltage reflection coefficient. It is again
the ratio between the outgoing and the incoming signal from the same port, as for S11,
but this time considering the output Port 2. If the incident voltage wave equals the
outgoing/reflected one, a total reflection will take place in this case too.

Thanks to these four parameters it is possible to define several quantities, useful to better
understand the functioning and the physics behind the VNA. The first one is the fundamental
(Complex) Gain, a complex number expressed now as the forward voltage gain:

G = S21 =
b2
a1

=
V −
2

V +
1

= Re(G) + i · Im(G) ; (3.13)

It is consequently possible to define the scalar linear gain both in decimal notation,

|G| = |S21| , (3.14)

as well as in the logarithmic one, expressed in dB units:

g = 20 log10 |S21| dB . (3.15)

The second noteworthy parameter is the Input (or Output, depending on which port is taken
into account) Return Loss, i.e. the effective percentage of outgoing signal w.r.t. the incoming
one in a case of reflection by the port considered:

RLIN = 10 log10

∣∣∣ 1

S2
11

∣∣∣ = −20 log10 |S11| dB ,

RLOUT = 10 log10

∣∣∣ 1

S2
22

∣∣∣ = −20 log10 |S22| dB .
(3.16)

If the incident voltage wave is equal to the outgoing/reflected one, the reflection is total and
characterized by a null Return loss.
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Chapter 4

The Solaris EBB2 Receiver

This chapter presents the Elegant Bread Board #2, EBB2, Receiver developed within the
Solaris project. An initial description of its RF components is followed by the core process of
VNA-based characterization of the receiver’s individual RF components, with the extraction of
their main S-parameters and in particular of the S21, or Gain, which allowed the construction of
the receiver’s fundamental preliminary gain budget. Thereafter, the optimal positioning order
of the components, the receiver Response Curve and its Linearity regime have been investigated
and, finally, the receiver noise temperature has been derived through dedicated python scripts
specifically developed for this work, thus compared with the initial expectation provided by the
preliminary budget itself.

4.1 EBB2 Receiver’s configuration

Figure 4.1: The EBB2 Receiver RF chain and its block diagram: the horn has been developed in
Milano laboratories and it is the one which protrudes from the aluminum box containing the entire
structure; it is then attached to the circular-rectangular transition and, in sequence, to the LNA,
Isolator, Band Pass Filter, a small waveguide named here WG2630 and, lastly, to the Detector Diode.

The EBB2 Receiver configuration, displayed in Fig.4.1, is composed of a Feed Horn, de-
signed for ALMA band 2 receiver [52] by the INAF-Osservatorio Astrofisico di Arcetri and
manufactured at the University of Milan, followed by a commercial circular-to-rectangular
WR10 waveguide transition, which collects the incoming radiation from the Horn (circular out-
put), to a standard rectangular waveguide one, so to make the signal flow in the rest of the RF
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Chain, characterized by the same cavity shape. Those two elements are then followed by the
Low Noise Amplifier manufactured by the Low Noise Factory company, called LNF 005H, and
the commercial Isolator, both leading the thus amplified radiation in a privileged direction to
the Band Pass Filter, or BPF. Since the latter could produce a small amount of signal reflection,
thus producing a stationary wave bouncing in the receiver, the LNA is shielded from this effect
by the isolator, placed between them for this reason. All the chain described so far is then
connected to the Detector Diode by the waveguide named ”WG2630” after its length of 26.30
mm.

4.2 EBB2 Receiver’s Box Design

Figure 4.2: The ©Autodesk Inventor 2020 Receiver design inside its custom-designed and here
opened aluminum box.

The receiver’s aluminum box , shown in Fig.4.2, has been entirely designed during this work
using the with ©Autodesk Inventor 2020 software. All the pieces have been specifically realised
based on the size and structure of the EBB2 RF chain. For each RF element composing the
chain, its exact dimension has been measured or acquired from the producer’s relative datasheet
(where possible), to be able to perfectly reproduce on the 3D CAD software the exact dimension
of the receiver and, consequently, to build a well-fitting box where to keep it stored and mounted
on the antennas for observations.

4.3 EBB2 Receiver’s VNA analysis

4.3.1 Characterization of the single RF components

The first step to build a so called Gain Budget, an essential preliminary set of data to a receiver
which will be treated in the next section, is to characterize each single RF component with the
VNA. As already introduced in Sec.3.4, with these measurements, the S-Parameters composing
the Scattering matrix of each element of the RF Chain can be ensured, thus isolating their
individual S21-parameter, or Gain. For this procedure, the VNA has been calibrated every
morning: the calibration is a key procedure which generally lasts a day before incurring in
small instrumental drifts, and it is necessary to approve a set of working values in which an
analysis can be performed. For the EBB2 Receiver case, all the calibrations included the setting
of:
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■ Frequency working range: [67, 125] GHz, wider than the bandwidth used in ALMA
Band 2 receiver mentioned at the beginning of Sec.2.3;

■ Number of points: it determines the resolution in frequency. X points has been set for
this work;

■ Number of Ports: 1-Port Network for the Horn characterization, 2-Ports Network for
the remaining components;

■ Ports’ Power Level: amount of VNA Ports’ output absolute Power (dBm units). A
value of −30 dBm has been chosen for the reasons explained in Sec.4.3.4 and Sec.4.3.5;

■ Calibration Method: TRL calibration method [36], the standard one for the WR-kind
of waveguide, i.e. Waveguide Rectangular (referring to the rectangular shape of the com-
ponents’ cavity in which the signal flows). TRL stands for ”Thru-Reflect-Line”, i.e. the
three procedures which has to be performed to conclude the calibration process. In partic-
ular, the waveguides mounted in the EBB2 receiver are WR-10, which are characterized
by a 1 : 2 ratio within width and height of the cavity, thus 0.10′′ = 2.54mm long and
0.05′′ = 1.27mm high (units of inches).

Reported below, the list of the EBB2 receiver’s RF components and the resulting VNA char-
acterization plots, which are arranged as S11-parameter (top-left), S12-parameter (top-right),
S21-parameter (bottom-left) and S22-parameter (bottom-right). For what concerns passive
components, both reverse and forward gains, namely S12 and S21, are actually losses, with a
negative dB gain value: as already anticipated, they act thus as attenuators. On the other
hand, the S21 of the LNA, being an active component, is positive, meaning that the signal is
amplified rather than attenuated. So, the gain term is used regardless wether it represents an
attenuation or an amplification.

Horn - Transition WG

Since the horn antenna is a radiating element, it has been characterized in a 1-Port Network
VNA configuration by connecting it only to the Port 1 through the Transition WG (needed to
match the horn circular cavity with the VNA rectangular one). In Fig.4.3, the VNA output
S11-Parameter only, as well as an image of the two RF components and its characterization
block scheme.

Transition WG

Component Data:

■ Eravant, WR-10 to Circular Mode Transition

■ Part number: SWT-101 10-SB

■ Serial number: 45996-01

For this item, since its VNA characterization alone is not possible, it has been necessary to
couple it to a completely equal piece, connected to it in the other way around. The VNA
ports have rectangular cavities and for this reason the overall system of two consequent equal
transitions guaranties both input and output to Port1 and Port2 WR-10 type, leaving the two
circular ones in the middle. In Fig.4.4, the VNA output S-Parameters, as well as an image of
the two RF components connected. A visual of their two different cavity extremities is provided
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Figure 4.3: Left: Horn - Transition WG image and characterization block scheme; Right: VNA
output S11-Parameter, resulting from its 1-Port Network characterization.

too. The Gain of the single Transition WG can be extracted by dividing by two the average
one of the S21-Parameter resulting from the above-mentioned system’s characterization.

Figure 4.4: Left: the two Transition WG connected together and the view of their ends’ cavities
two different shapes. Right: the RF components’ pair 2-Ports Network resulting S-parameters.
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Isolator

Figure 4.5: Left: Isolator image and characterization block scheme; Right: VNA output S-
Parameter, resulting from its 2-Port Network characterization.

Component Data:

■ Isolator Mi-Wave

■ Part number: 115W/387

■ Serial number: 30777

Fig.4.5 shows the image of such RF component, the block scheme of its 2-Port Network charac-
terization and finally its resulting S-parameters. The behavior of the Isolator is well visible by
observing the plot of the S21- and S12-parameters: the former, i.e. the Forward Gain shows the
typical behavior of a passive components, thus letting the signal thru in the permitted direction
dictated by the components itself with a minimum degradation of ∼ −2 dB, on average; the
latter (Inverse Gain) shows instead the isolation effect: the signal, while trying to pass through
the forbidden direction of the device gets attenuated by ∼ −35 dB, i.e. a power ∼ 31621 times
lower.

Band Pass Filter

Component Data:

■ Pacific Millimeter Products W-Band Band Pass Filter

■ Serial number: 002

The picture of The EBB2 receiver’s Band Pass Filter, as well as the block scheme of its 2-Port
Network characterization and its resulting S-parameters are displayed in Fig.4.6. Both the
Gains plots show the expected behavior: all the frequencies not belonging to the BPF working
range, i.e. [80, 110] GHz, gets attenuated by a factor of ∼ −50 dB (a factor ∼ 105), thus

1By the definition of decibel: dB = 10 · log10(P1/P2), so (P1/P2) = 10dB/10
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pointing out the actual BPF most optimal and responsive frequency range of [88, 101] GHz,
information which will be extensively exploited in the next steps of this work. As a matter of
fact, the reflection parameters S11 and S22 show a perfect reflection effect outside the frequencies
of interest, with an almost 0-level Return Loss, while instead the conduction of the signal is
ensured for the same optimal range mentioned earlier. There, an irregular spike of power can
be observed at ν ≈ 114 GHz, later identified as a VNA instrumental defect.

Figure 4.6: Left: BPF image and characterization block scheme; Right: VNA output S-
Parameter, resulting from its 2-Port Network characterization.

Waveguide ”WG2630”

Figure 4.7: Left: the WR-10 waveguide ”WG2630”; Right: VNA output S-Parameter, resulting
from its 2-Port Network characterization.
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A straight Waveguide type WR-10, dubbed in this work as ”WG2630” for his 26.30mm length.
Fig.4.7 shows its image and its 2-Port Network characterization result. The classical passive
components’ behavior can be observed from the Gains parameters, since a small mean degrada-
tion of the signal of ∼ 1.4 dB can be observed. One more noteworthy feature is the small slope
these two curves show at lower frequencies, caused by the cut-off frequency of the waveguide,
fc = c/2a, i.e. speed of light over twice the length of the WG cavity. As already introduced,
WR-10 guides have a = 2.54mm, resulting in a fc = 59 GHz: so, closer to the left end fre-
quency of the W-Band the WG is not in a regime of full propagation yet, thus presenting a
slightly lower level of relative power w.r.t. the rest of the ν-range.

LNA and Detector Diode

The LNA (produced by the LNF, ”LNF−LNC65 115WB” Serial Number 005H) as well as the
Detector Diode (VDI company, Serial Number WR10R9 1-49, 3-44) shown in Fig.4.8, have been
both left out from this procedure, since their Forward Complex Gains were already provided
in their commercial producer’s datasheet. Their values are reported in the table containing the
preliminary budget of the EBB2 Receiver, main topic of the next section of this work.

Figure 4.8: Left: EBB2 receiver’s LNF Low Noise Amplifier; Right: EBB2 receiver’s VDI ZBD
Diode.

4.3.2 Preliminary Gain and Noise Budget

Now that each component has been characterized with the VNA, and thus their individual
Gain values have been measured, a preliminary Gain and Noise Budget can be settled. This
set of data represents the first approach to a cascade components architecture, providing a
preliminary estimation of the overall receiver’s Noise Temperature TN and gain G.
In Tab. 3.1, the preliminary Gain and Noise Budget of the EBB2 Receiver is thus shown: it
includes

■ Physical Temperature of each RF component, PT ;

■ Mean Gain values in dB units;

■ Cumulative mean Gain: the sum of all the Gains up to a given point in the RF Chain;

■ Mean Linear Gain: obtained by the extraction of the Real and Imaginary part of the
S21-parameters through

GLin,i =
√

Re(S21,i) + Im(S21,i) , (4.1)
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and then by computing the mean of all the GLin,i values

■ the Noise Equivalent Temperature, or NET (treated shortly);

■ the Cumulative NET: sum of all the NET values up to a given point in the RF Chain.

Element PT [K] Gain [dB] Cumulat.
Gain [dB]

Linear
Gain

NET [K] Cumulat.
Noise [K]

HORN 296 -0.100 -0.100 0.977 6.601 6.601
TR-WG 296 -0.369 -0.469 0.958 12.349 18.950
LNA 296 25.000 24.531 316.228 363.027 381.977
ISOLATOR 296 -2.058 22.472 0.789 0.207 382.184
BPF 296 -2.249 20.223 0.772 0.283 382.467
WG2630 296 -0.138 20.085 0.984 0.025 382.492

Table 4.1: The Gain Budget, containing sereval information about the single RF Component:
Physical Temperature, or PT, all set to room temperature; the Gain; the Cumulative Gain, which is
simply the sum of the Gain values of all the RF Elements preceding the one in analysis (included);
the Linear Gain, in agreement with Eq. 3.15; the Noise Equivalent Temperature, or NET, computed
by the action of all the preceding gains, according to Eq. 4.2; the Cumulative Noise, which is the
sum of all the preceding NETs.

The Noise Equivalent Temperature (NET) derives from a physical property in the case of cas-
caded active and passive components, which is the case of the receivers’ chains; in principle,
along the signal’s path, the collected radiation must pass through all the circuital elements
composing the receiver itself, each one of them introducing their own noise (Eq. 3.3) and grad-
ually decreasing the overall Gain of the system. That the noise introduced by each component
gets cut down by the product of the Gains generated by all the elements preceding the one
just crossed by the signal, or, in other words, cut down by the factorial of the second to last
component’s Gain encountered. This phenomenon can be described by the Friis Formula [17],
i.e. a sum operation whose addends take into account the nature of the components themselves
(active or passive). In the case of active components, the addend’s numerator remains the Noise
Temperature of the element, while if a passive one is considered, the quantity which will be
divided by the factorial of the preceding gains will consist of the product between the physical
temperature of the component, TP , and (1−G), where G is its Linear Gain (always < 1, since
most of the times, as already mentioned, passive components can only attenuate signals). All
the Gains appearing in the Friis Formula on both the numerators, for passive components only,
and denominators are intended as Linear Gain values, not the dB logarithmic one. Apply-
ing this concept to the EBB2 Receiver, i.e. Horn, Circular-Rectangular Transition waveguide,
LNA, Isolator, BandPass Filter and the final waveguide 2630, each addend will be

■ Horn (passive):
NEThorn = PThorn(1−Ghorn) ;

■ Transition WG (passive):

NETTRwg =
PTTRwg(1−GTRwg)

Ghorn

;

■ LNA (active):

NETLNA =
Tn,LNA

Ghorn ·GTRwg

;

37



■ Isolator (passive):

NETisol =
PTisol(1−Gisol)

Ghorn ·GTRwg ·GLNA

;

■ BPF (passive):

NETBPF =
PTBPF (1−GBPF )

Ghorn ·GTRwg ·GLNA ·Gisol

;

■ WG2630 (passive):

NETwg2630 =
PTwg2630(1−Gwg2630)

Ghorn ·GTRwg ·GLNA ·Gisol ·GBPF

,

this resulting in the Friis Formula for the EBB2 receiver:

Tnoise,tot = NEThorn +NETTRwg +NETLNA +NETisol +NETBPF +NETwg2630 (4.2)

The cumulative NET value of the overall system will be completely dominated by the presence
of the LNA and by the Horn and Transition WG too, but both to a lesser degree w.r.t. the
amplifier. This is mainly due to the fact that the Horn and the Transition WG are the first
two RF components of the Chain: the Horn wont be affected by any Gain, while the Transition
WG by the very small linear Gain value of the Horn itself, with a overall cumulative NET
of ∼ 19K. However, the very dominant effect is provided by the LNA since, by being an
active component, not only it provides a positive and high Gain, but also a NET (NETLNA =
Tn,LNA/(Ghorn ·GTRwg)) with a datasheet-provided Tn = 340K, which gets barely affected by
the two preceding small linear Gains. In conclusion, as already anticipated, thanks to this
preliminary Gain and Noise Budget it is possible to set an expectation on G and TN of the
EBB2 Receiver, resulting in TN ≈ 382K and G ≈ 20 dB. These numbers shall be compared
with the actual measured ones, further provided.

4.3.3 Elements positioning order

The first step of EBB2 Receiver VNA analysis has concerned the Isolator position in the RF
chain. Usually, LNAs, detectors and filters outside the working band, exhibit a poor return
loss creating standing waves in the RF chain. Those waves degrade the signal and could also
damage some components in case of relatively high power. In the case of Solaris receiver the
isolator could be placed between the LNA and the BPF (Configuration A), or alternatively just
after the BPF in between the BPF and the Detector (Configuration B). The way to find the
best out of the two is to test the above mentioned configurations, both displayed in Fig. 4.9,
at the VNA, thus checking if significant differences emerge.
In Fig.4.10, the comparison between the S-parameters of the two configurations is displayed.
Here, on both set of plots, the S11 is shown at the top-left position, the S12 at the top-right,
the S21 at the bottom-left and, finally, the S22 at the bottom-right one. Clearly, since A and B
are one the inverted case w.r.t. the other, while both forward and reverse voltage gains remain
the same in the matrix of pictures, the two Reflection Coefficients visualization is instead
swapped (S11 curve pattern of Configuration B can be found again in the S22 parameter of
Configuration A, as well as for its S22 on the left, in Configuration A’s S11). Thus, in the
incoming dissertation of those S-Parameters, only Configuration B will be treated, implicitly
intending this just stated inverse symmetry of the reasoning. To begin with the input port
voltage reflection coefficient, S11, it is possible to observe the expected behavior of a receiver
which includes a BPF: as explained in Sec.4.3.1, the function of this RF component is to
strongly reflect all the signal emitted in the frequencies which do not belong to its working

38



Figure 4.9: Left: block diagram of Configuration A (LNA, Isolator, BPF, Diode) and actual
picture of the DUT sufficient to conduct the VNA analysis regarding the positioning order of its
RF components (Isolator, BPF, WG2630); Right: block diagram of Configuration B (LNA, BPF,
Isolator, Diode) and actual picture of the DUT (WG2630, BPF, Isolator).

Figure 4.10: Left: VNA measurements of the S-parameters of the Configuration B. Right: VNA
measurments of the S-parameters of the Configuration A. By the comparison of the plots, no signif-
icant change in the values of the S-parameters can be distinguished, thus denoting the two configu-
rations’ interchangeability.

range and, thus, to let through all the others. The Return Loss is, indeed, null (∼ 0 dB) in
the windows [65,∼ 86] GHz and [∼ 104, 125] GHz, resulting in the total reflection of all these
undesired signals. As a consequence, the forward gain, S21, which represents the signal passing
from Port1 to Port2, is dominated by this same behavior of the filter. Futhermore, given the
response of the Isolator described in Sec.4.3.1, the behavior of the BPF is not visible in the S22

curve, since the signal traveling in the Port2-Port1 direction gets heavily attenuated by such
component, thus presenting an almost flat trend. However, generally speaking, no significant
discrepancies in the general shape of those curves can be noticed from configurations A and B
and, therefore, both of them are well interchangeable for this work purposes. To conclude with,
Configuration A has finally been chosen for mechanical integration reasons only, regarding the
receiver orientation in its storage inside its box.
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4.3.4 Response Curve

The Response Curve is a method which highlights the correlation between the input signal
flowing into the RF Chain and its output, i.e. what comes out from the Chain itself, analyzed
at each single frequency belonging to the working range (usually the one of the Filter). The
two correlated units of measure, Input Unit and Output Unit, are based on the configuration
under test, i.e. rather the Chain does not include the Detector Diode, or if it does. In the
first case, the configuration can be plugged in the VNA Port1 as input (so the Input Unit is
in dBm), while the output will be the absolute power measured at each frequency detected by
the Power Meter, connected at the end of the RF Chain. To proceed with this measurement,
the dynamical range of detection of the above mentioned device must be taken into account,
since its proper functioning is guaranteed for absolute powers in the range [−35,+20]dBm. By
now employing a rough approximation of the single elements’ Gains in the preliminary Gain
budget, it is possible to decide the best attenuation level so to work in the aforementioned
working range: VNA Port1, −30dBm; 90◦ twist wg, ∼ −1dB; LNA, ∼ +30dB; Isolator,
∼ −1dB; BPF, ∼ −1dB; WG2630, ∼ −1dB. By now adding up all those values, without any
source of attenuation, the incoming power entering the Power Meter would be approximately
between −4 and −6 dBm. Therefore, an attenuation of −10dB is enough to fulfill the scope: a
power between −14,−16dBm can be perfectly read by the Power Meter and represents a safe
value too, so to not getting close to the LNA’s RF input drive level, i.e. the maximum dB signal
the component is able to work with. Both the configurations stated above can be observed in
Fig. 4.11. The Response Curve is thus a process which requires the power estimation at each

Figure 4.11: Top Configuration: Response Curve Configuration plugged to the VNA, signal de-
tected by the Power Meter - VNA’s P1, Attenuator, LNA, Isolator, BPF, Power Meter; Bot-
tom Configuration (hypotetical): Response Curve Configuration plugged to the Noise Generator,
signal detected by the Detector Diode, then digitalized - VNA’s P1, Attenuator, LNA Isolator, BPF,
Diode, Digital Multimeter.

frequency belonging to the working range: while the standard functioning of the VNA concerns
a sweep of a band of frequencies, for the aforementioned aim it can be set to the so called CW
mode, which is able to examine one input frequency at a time, thus collecting simultaneously
the Power Meter power level detection at each one of them in the BPF’s filtered band. Fig. 4.12
shows the result of such a process and, by observing it, it is possible to observe a general higher
response of the RF Chain to a range of frequencies corresponding to ∼ [88, 101] GHz, with
a peak of power at 91 GHz. By performing a weighted average operation, with as accounted
weights the dBm level for each ν, an optimal individual frequency of 94 GHz has been found
and then assumed as central most responsive ν-value of the filter. This information will be
particularly important in the last chapters of the Solaris Optical Models. Finally, Tab.A.1 ,
which contains the numerical values of the Power Meter that have generated such result, can
be found in appendix. Furthermore, even if only the method just explained has been applied
in this work, the second way in which, theoretically speaking, the Response Curve of the entire
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Figure 4.12: The Response Curve resulting from Fig. 4.11 Top Configuration, taken in the VNA
CW mode of the BPF’s frequency range 80− 110 GHz.

RF Chain could be performed, Detector Diode included, would involve the VNA plugged into
the input extremity while, this time, the output would be recorded in Voltages by a digital
acquisition electronics cabled directly to the Diode. In this scenario, the Response Curve refers
on how the Receiver turns the input absolute power (Input Unit) into Output Voltages (Output
Unit). The two configurations treated in this section can be observed in Fig4.11.

4.3.5 Linearity

It is now time to test the already introduced concept of Linearity on the EBB2 Receiver.
The linearity of an active RF element is thus studied through the already discussed Y-Factor.
This is for what concerns single elements; when they are connected in a complex RF Chain,
the Linearity of the overall configuration has to be checked (dominated thus by the linearity
of its single active components). The two methods which are about to be investigated, can
be both applied to analyze not only the Linearity of the RF Chain up to the WG2630, so
without the Detector Diode (Y-Factor dominated by the only active element of this ”truncated”
configuration: the LNA), but also to check the absence of compression for the entire chain, so
from the amplifier to the diode, where the Linearity will be a combination of the response of
these two components:

■ Combination of Noise Generator and Attenuator:

The Noise Generator (NG, Fig.4.13, left image) is a device capable of producing a certain
level of signal (measured in units of absolute power, dBm) for each specific frequency in
a range for which the device is calibrated. The actual set of data corresponding to the
calibration at a given frequency, which can be found in its commercial datasheet, is the
so called ENR, or Excess Noise Ratio, described by the following relation [36]:

ENR = 10 log10

(
TH

T0

− 1

)
, (4.3)

where T0 is the literature reference room temperature of 290K. The ENR is, formally, a
measurement of the excess of power (so in dB units) that a Noise Generator emits w.r.t.
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Figure 4.13: The W-Band Noise Generator (left) and the Attenuator (right) employed in the EBB2
Receiver tests. Left: Eravant, Serial Number 28797-01; Right: Attenuator, Part Number 510W
387, Serial Number 583

the power produced by a source at room temperature. In other words, the ENR is that
exponential factor which allows to derive the temperature TH of a source which emits
with an excess of a given amount of decibels w.r.t. the dB-power emitted at T0, following
that same Eq. 4.3, but solved for the TH instead:

TH =

(
1 + 10

ENR
10

)
· 290 (4.4)

Thus, once TH is known, the relative emitted absolute power (dBm units) can be obtained
by employing the Johnson-Nyquist Law. To proceed with, as opposite to the second
method enlisted in this paragraph, this case-study of NG + Attenuator has not been
directly applied to this work, but an extended description of this process is provided
anyway for completeness. To begin with, the way in which a Noise Generator can be
employed to simulate different Black Body emissions of sources at different temperatures
is by plugging it directly to the Attenuator itself: in this way, since the output radiation
of the NG is modified (attenuated) by the latter, the signal flowing into the RF Chain will
correspond to a number of different sources equal to the number of different attenuation
levels chosen. The formula describing the process of attenuation of a signal is the following
[36]:

Pout = α · Pin + (1− α) · Tphys, (4.5)

where Pout is the attenuated output power, Tphys is the physical temperature of the system
(in this work, set always to Room Temperature) and α is the linear attenuation coefficient,
α = 10dB/10, where dB is the negative attenuation dB-level.
As already introduced in Sec.3.3.4, in order to build a consistent Y-Factor to reproduce
the RF Chain Linearity, it is thus necessary to provide a set of powers emitted by a range
of sources whose Temperatures are distributed as homogeneously as possible between a
maximum one of 10 000K (corresponding to the NG output without the Attenuator) and
the physical temperature of the chain itself, 296K (RT). The former case is obtained by
applying a null attenuation of 0dB, so that in Eq.4.5, α = 100 = 1 and so the term
(1 − α) · Tphys = 0, leaving just Pout = 1 · Pin = 10000K; the latter is instead produced
by setting the maximum level of attenuation possible: if Eq.4.5 is considered once again,
by applying the just mentioned conditions, the linear attenuation coefficient goes to zero,
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since its power is a very high negative number, resulting in Pout = (1− 0) ·Tphys ≃ 300K.
Displayed in Tab.4.2, the set of power values and their converted temperatures selected
for those purposes. As already forewarned, this method can be applied to check both the

Attenuation [dB] Temperature [K]
0 10000
-1 8000
-2 6400
-3 5150
-6 2700
-10 1300
-15 605
-20 307

MAX 300

Table 4.2: Power values and converted temperatures from the Johnoson-Nyquist formula to compute
the Linearity of the RF Chain (Configuration A).

linearity of the configuration including the LNA-only, and on the one ending with the
diode itself.

In the former case, a Power Meter is employed to acquire the powers outflowing from
the last waveguide of the configuration, WG2630. To analyze the entire chain, instead,
the tool directly cabled to the Diode which is responsible for the signal acquisition is a
digital multimeter, a device which reads the power not in dBm units but in voltages.
Here, the application of the concept of ENR is quite fundamental, since it is necessary to
compute the real input power entering the Diode in order to verify that it lies in its linear
working regime indicated in its datasheet, i.e. [−25,−60] dBm. The block diagram of
this configuration is the one indicated in Fig. 4.14 and it can help to visualize how the
different stages of power showed in that same figure, step A and B, lead to the derivation
of the approximated dBm-value order of magnitude at the entrance of the Diode in both
NG on and NG off cases. To begin with the former one, the −51 dBm absolute power

Figure 4.14: Sketch of the Configuration with NG in the lead and the Detector Diode, cabled to a
digital multimeter, on the end of the RF Chain. Step A and Step B are necessary to simulate the
power entering the Detector Diode, thus checking wether the signal (in both cases NG on, NG off)
belongs to its linear regime, [−25,−60] dBm, or not.

43



outflowing from the NG (beginning of step A) is computed with the already mentioned
Eq. 4.3 by adopting a value of frequency corresponding to the maximum response of the
RF Chain’s filter at 91 GHz, which refers to the NG’s ENR calibrated value of 15.61 dB;
thus, the emission temperature derived through the second form of the ENR relation, Eq.
4.4, results to be

TH =

(
1 + 1015.16/10

)
· 290 = 9804.76K .

By now plugging this temperature value in the Johnson-Nyquist Law, assuming the NG
working bandwidth of ∆ν = 49 GHz (67− 116 GHz), then, the temperature just found
correspond to an equivalent emission power of

P = kBT∆ν = 6.76 · 10−6 mW ,

which, following the definition of dBm, corresponds to an absolute logarithmic power of

PdBm = 10 log10

(
P [mW ]

1 [mW ]

)
≃ −51 dBm . (4.6)

This amount of power, passing through the LNA, gest amplified by 25 dB, resulting to
a total value at the end of step A of −26 dBm. The passage of the signal through the
Isolator causes an additional loss equal to its Gain, so of ∼ 2 dB, resulting in a −28 dBm
signal entering the BPF. Here, the filtration process of the signal corresponds to a lossy
stage too since, by lowering the number of input frequencies, the filter is removing part of
the signal itself. In order to parametrize this step B, one has to convert the dBm power
value back to the mW one by reverting Eq. 4.6 and, then, by multiplying it by a factor
which testifies the change of bandwidth from ∆ν = 49 to ∆νfilt = 30:

PmW,filt = 10−28/10 · 30
49

= 9.7 · 10−4 mW ⇒ PdBm,filt ≃ −30 dBm . (4.7)

Finally, to this last value is necessary to add the Gain provided by the physical device
itself2, resulting in a final power of ∼ −32 dBm. To conclude with, this same procedure
can be applied to the case in which the NG is turned off (room temperature source case)
and, as testified from the final values of Step B showed in Fig.4.14, the simulated input
powers to the Diode belong to its above-mentioned linear working regime in both the
considered cases. The presence of the waveguide WG2630 has been neglected in this
computation due to its very small negative Gain (−0.138 dB, value from Power Budget),
resulting thus irrelevant in both this rough estimations of orders of magnitudes.

■ Combination of VNA and Attenuator: it is the process actually employed to obtain a
confirmation of the EBB2 Receiver’s Linearity. If this condition was previously provided
by the computation of a Y-Factor which would have testified a linear working regime
by the manifestation of its constant value, the method which is about to be examined
follows a different path: this time, the Linearity of the RF Chain has been checked by a
combination of only the VNA, which emits a constant input signal and does not provide
an absolute output power value (as opposed to, for example, a Power Meter), and the
Attenuator, which will cover the same role as different sources simulator, by continuously
varying the VNA power emission. The RF Chain Configuration showed in Fig. 4.15 is,
thus, considered as the DUT of this case study. It is important to keep in mind the
VNA fucntionality which allows to modulate the intensity of the Ports’ output power:

2Taken directly from the Power Budget
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Figure 4.15: Top: block diagram of the configuration characterized by the combination of VNA and
attenuator. Between Port1 and Port2, the DUT composed of attenuator plugged to the RF Chain
LNA, Isolator, BPF and WG2630; Bottom: actual picture taken during the laboratory Linearity test
of the just mentioned configuration.

it is of utmost importance to always check the amount of power flowing into the chain’s
LNA, so to avoid to cross the breaking point of this device, provided in its datasheet
(−10dBm maximum for the one employed in the EBB2 Receiver) and, for this reason,
the ports’ power level has been set to a safe value of −30dBm. Following this premise,
the first step to achieve the Linearity verification is to simulate the power level which has
to be collected by the Diode since, as mentioned above, the Linear regime in cases like
this one refers to the region in which both the LNA and the Diode itself behave linearly.
However, in this configuration, both ends of the DUT are connected to ports 1 and 2,
thus excluding, since it can be only cabled, the presence on the VNA of the Detector
Diode. That said, as already anticipated, the Linear region of the latter can be obtained
with incoming signals ranging from −25 to −60dBm and, thus, it is necessary to sample
an homogeneous distribution of powers in the aforementioned interval. Therefore, the
computation to keep in mind is the following: starting from the first power which would
arrive to the Diode of −25dBm, considering a port power of ∼ −30dBm and, at first, a
LNA amplification of +30dB, the attenuation, not taking into account the remaining RF
Components of the chain, has to be set to −25dBm, since VNA ports and LNA almost
cancel out each other. It is possible to look at this reasoning from an other point of view:
if a power of −25dBm is necessary at the Diode entrance and an amplification of +30dB
is added to the chain, then, theoretically, an absolute power of −55dBm is needed as total
input in the chain. Since the VNA is providing at minimum −30dBm through its ports,
to reach that mentioned total value, the attenuator has to cover the remaining −25dBm.
This exact logic is then applied to all the other powers belonging to the set pointed out
earlier, enlisted in Tab.4.3. The last two power levels in Tab.4.3 have not been tested
since the relative level of attenuation (third column) fall beyond the limit of the employed
instrument’s dynamical range. Furthermore, it is possible to observe a higher crowding
of power values in the first half of the chosen set (first column): this solution has been
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Diode Linear range of
absolute powers [dBm]

Total input power
needed (+30dB LNA
amplification) [dBm]

Attenuation levels
(−30dBm ports power)

[dB]

-25 -55 -25

-27 -57 -27

-30 -60 -30

-33 -63 -33

-35 -65 -35

-37 -67 -37

-40 -70 -40

-45 -75 -45

-50 -80 -50 (MAX)

-55 -85 /

-60 -90 /

Table 4.3: First column: set of powers belonging to the linear range in the diode’s datasheet;
Second column: total input power needed, considering an amplification of +30dB (LNA); Third
column: amplification level, added to the ports’ −30dB, to reach the corresponding value in the
second column.

adopted to simultaneously have both a higher statistics and a far more detailed analysis
of the initial part of the curve, where the Linearity begins to stabilize. The measured
S-parameters curves for attenuation levels displayed in Tab.4.3 are reported in the figures
in appendix, second section.

The next step to the Linearity verification achievement, once the levels of attenuation have
been selected, is now to understand how the linear regime can be tested without a set of
output absolute powers and their Y-Factors, provided by different devices combinations
(previous method). The answer to that question lies in the concept of response of the
RF Chain when it undergoes different values of attenuation: in principle, if one conducts
two measurement on a VNA with two different attenuation levels, when a system (DUT)
is perfectly linear, the difference within the two dB output powers must be equal to the
difference within the two dB attenuations, namely

∆P = ∆A . (4.8)

For example, if a first measurement results in a mean Gain of −5 dB from a −15 dB
attenuation and a −10 dB Gain if attenuated by −20 dB from the second one, then it
is clear that to an increase of attenuation of a certain amount, a linear system must
respond with that same deviation between the output powers too (∆P = ∆A = −5 dB).
As a consequence, the violation of such principle is a symptom of Compression of the
Chain response. Having said so, it is now possible to dive into deeper details of the
process applied in this case study, through a customized Python script. This code can be
subdivided in four main steps:

1. Collection of the VNA output .s2p files, one for each level of attenuation enlisted in
Tab 3.3, third column, and extraction of the arrays containing the dB gains for each
frequency (80− 110 GHz);

2. Generation of an array containing all the possible combinations of pairs of arrays
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obtained from point (1) and, thus, production of the set of all the possible ∆P , as
well as all the possible associated ∆A;

3. Collection of all the ∆P arrays, ∆Ptot, sharing the same value of ∆A (for example, a
∆A = 10 dB is shared by the ∆P generated by attenuation pairs of (−25,−35) dB,
(−35,−45) dB, (−27,−37) dB and so on) and, denoting as j the number of ∆A
values (∆Aj) and i the number of ∆P in each single ∆Ptot,j box-array, the derivation
of a mean value ∆P j for each ∆Aj as follows:

∆P j =

∑Nj

i=1wj,i(∆P )j,i∑Nj

i=1wj,i

, (4.9)

This relation describes an average whose weights, a wj,i for each (∆P )j,i single value,
is based on the vicinity of the distribution of the (∆P )j,i points w.r.t. their reference
value ∆Aj, so that

wj,i =
1

|(∆P )j,i −∆Aj|
. (4.10)

The absolute value on the denominator is fundamental in order to preserve the
physical meaning of distance w.r.t. the reference value, since one must consider its
module and not the actual position of the point: without this precaution, the distance
could be both positive (i.e. the point is above the reference value) or negative (point
below reference) and, in the latter case, the thus produced very small (negative)
weight could result in a far smaller contribution of a point which could be instead
very relevant in the average itself. The uncertainty associated to Eq. 4.9 is provided
by the following relation of its standard error σ∆P j

:

σ∆P j
=

σstd,j√
Neff,j

, (4.11)

where Neff,j is the effective number of values of each j-th array which actually
participate to the relative weighted average, i.e. the points with the higher weights
among all the (∆P )j,i, estimated as

Neff,j =
(
∑Nj

i=1 wj,i)
2∑Nj

i=1w
2
j,i

, (4.12)

while σstd is instead

σstd,j =

√√√√∑Nj

i=1wj,i((∆P )j,i −∆P j)2∑Nj

i=1 wj,i

(4.13)

and it describes the standard deviation of the j-th array of (∆P )j,i values w.r.t.
the weighted average of that distribution, ∆P j. The results of this third step are
enclosed in Tab 3.4;

4. Derivation of the Best-Fit line through the built-in python function curve fit, which
take into account the linear model y = mx+ q, with x being the ∆Aj values and y
the ∆P j ones, and returns the angular coefficient m and the intercept q of the line,
as well as their associated variances contained in the covariance matrix, produced
by the python function itself.
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∆Aj [dBm] ∆P j [dBm]

−25 −24.825± 0.100

−23 −22.849± 0.105

−20 −19.857± 0.048

−18 −17.950± 0.311

−17 −16.974± 0.071

−15 −14.924± 0.063

−13 −12.961± 0.047

−12 −11.949± 0.206

−10 −9.950± 0.057

−8 −7.942± 0.085

−7 −6.984± 0.055

−6 −5.968± 0.146

−5 −4.985± 0.079

−4 −3.990± 0.033

−3 −2.986± 0.020

−2 −1.997± 0.024

Table 4.4: First column: set of ∆Aj values derived by the difference of each possible combination of
pairs taken from the nine attenuation values reported in the first column of Tab 3.3, up to −50 dB;
Second column: mean weighted values of all the (∆P )i,j merged from all the arrays sharing the same
corresponding value of ∆Aj , provided with the associated uncertainties, ∆P j ± σ∆P j

. As expected

from a linear response, the quantities belonging to the ∆P j column are comparable within the errors
with the relative ∆Aj set of data, providing the actual confirmation of Eq. 4.8.

Displayed in Fig. 4.16, the final result proving the Linearity of this configuration: as it
was already possible to deduct from the values in Tab. 3.4, the Best-Fit of ∆P j vs ∆Aj

data is coincident within the errors with the bisector of the first quadrant, showing an
angular coefficient and an intercept equal to{

m = ( 0.994± 0.002)

q = (−0.010± 0.017)
(4.14)

thus firmly confirming Eq. 4.8: the differences within the dB output powers are indeed
comparable to the relative differences within the dB attenuation levels.

4.3.6 Y-Factor and Noise Temperature of the System

Once the Linearity region of the RF Chain has been discovered, it is possible to perform its
Y-Factor and, thus, to compute the overall Noise Temperature of the system. To do so, the
already treated method involving a combination of Noise Generator and an attenuator has been
chosen, since the test has been carried at the University of Milan, where no VNAs were available
at the moment. This Configuration can be observed in Fig. 4.17. A digitizer, connected to the
Diode, has been able to convert the overall RF Chain output power signal into Analog Digital
Units (or ADU ), so to be read by the digital acquisition electronics. As for the Y-Factor,
not only at least two output powers are needed, but the ADU value of the offset is necessary
too: it represents the reading value of the acquisition electronics when nothing is plugged to
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Figure 4.16: The Best-Fit y = 0.994 x − 0.010 obtained through the built-in python function
curve fit as the first quadrant bisector, which thus proves the Linearity of the Fig. 4.15 Configu-
ration.

it, therefore an instrumental offset which has to be removed in any case, since it does not
correspond to any input physical quantity:

Y =
PH − Poffset

PC − Poffset

=
ADUH − ADUoffset

ADUC − ADUoffset

(4.15)

This different expression of the Y-Factor is derived from the fact that ADUH and ADUC ,
which are the output power values in ADU units of the receiver, so ADUout, are expressed as
a modified version of Eq. 3.1b which includes exactly that instrumental offset:

ADUout = GkB∆ν(TN + TA) + ADUoffset, (4.16)

and so

ADUH = GkB∆ν(TN + TH) + ADUoffset

ADUC = GkB∆ν(TN + TC) + ADUoffset

(4.17)

If those two formulas are plugged in Eq. 4.15, the classical relation for the TN is reached
(Eq. 3.10). As a matter of space occupation, it has been decided to perform the tests with a
different and much more compact attenuator (Fig. 4.17, the component connected right after
the NG, with the silver control knob on top) with respect to the one employed in Bologna’s
laboratory, so this new device needed its own characterization and its own attenuation levels
chosen to complete the above-mentioned task. For each of these latter ones, the Chain output
ADU values of the Configuration have been registered in both the case of the Noise Generator
turned on (the TH , computed with Eq. 4.5) and turned off (TC , Eq. 4.5). The attenuation
values, taken as the control knob notch of the attenuator and their relative actual level of
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Figure 4.17: Top: Block diagram of the Configuration employed to study the Noise Temperature
of the receiver - Noise Generator + attenuator plugged to the RF Chain up to the Detector Diode,
cabled to the analog-to-digital acquisition electronics and software. Bottom: actual photo of this
Configuration. Test carried at the University of Milano.

dB attenuation, as well as the corresponding values in ADU units (NG off and NG on), are
contained in Tab. 3.4. Only the ADU values with the NG on are reported, since the NG off case
correspond to a costant value of ∼ 8000 ADU , no matter the attenuation. The ADU values

Control knob notch Attenuation level [dB] ADUon value [ADU ]

0 -47.65 7987.02
0.5 -21.74 8580.87
0.6 -17.21 9657.54
0.7 -12.76 12475.50
0.8 -8.52 19662.18
0.9 -4.91 34853.50
1.0 -2.18 58401.81
1.1 -0.66 80313.43
1.2 -0.21 88884.31
1.3 -0.17 89611.86

Table 4.5: First column: control knob notch on the attenuator; Second column: actual value of dB
attenuation corresponding to the knob levels; Third column: ADU output values of the chain with
the NG turned on at certain level of attenuation (previous column).

reported above have been obtained by computing a average between all the ADU values in the
10 seconds bin, each one corresponding to a different level of attenuation in the analog digital
electronics output file. Such an attenuation bins’ duration has been chosen so to be able to
identify them during the file reading.
The process which resulted in the EBB2 receiver’s TN computation has been carried by a ad
hoc Pyhton code, produced in this work and presented in the next section.
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4.3.7 The TN ad hoc Python Code

The complex Python code which allowed the final computation of the sought-after EBB2 re-
ceiver TN is divided in several sections:

a) The Twist Gain: The first step of the code concerns the extraction of the mean Gain
of particular form of wave guide: a 90◦ Twist WR-10 waveguide, which is visible from
Fig. 4.17, connected between the attenuator and the LNA, which has been introduced in
the chain just to maintain a preferred spatial rotation of the receiver. It is important to
underline that rather than being part of the RF Chain itself, this WG has to be considered
as an extension of the attenuator, i.e. its small negative Gain (it is a passive component)
has been added to the already negative dB value of attenuation. The obtainment of the
Gain values belonging to a given device characterized at the VNA can be achieved in
Python through a built-in package called Scykit-RF, an Open Source package for RF
/ Microwave engineering which is able to work with the VNA .s2p output files [REF.:
https://scikit-rf.readthedocs.io/en/latest/]. Those text files contains numerous key values
such as the frequency band chosen during the VNA calibration and, most importantly, the
real and imaginary parts of each S-Parameter of the DUT. Clearly, the one of interest is,
as usual, the S21 Forward Complex Gain. In the first place, the real and imaginary pairs
have been filtered in the frequency band of maximum response of the filter introduced
in Sec.4.3.4, 88− 101 GHz. Then, it is necessary to compute the scalar Linear Gain for
each couple of those filtered values

GLin =
√

Re(Gfilt)2 + Im(Gfilt)2 (4.18)

and, finally, by performing the average of this array of values, the mean linear gain of the
twist is achieved, GLin. At this point, the application of Eq. 3.15 (in which |S21| in this
case is the mean linear gain) is sufficient to compute the the logarithmic mean Gain value
in dB units, the one which will be added to the attenuation. The error on this quantity
is obtained as follows: (1) computation of the standard error on the mean linear gain
- σGLin

= σGLin
/
√
N , where σGLin

is the standard deviation of the array of linear gains
and N is the length of that array (number of linear gains); (2) propagation of errors on
Eq. 3.15, since it refers to a logarithm of a mean value - G = 20 log10(GLin), so the it is
necessary to deal with the propagation of a single variable:

σG =

∣∣∣∣ dG

dGLin

∣∣∣∣ · σGLin
, with

∣∣∣∣ dG

dGLin

∣∣∣∣ = 20

ln 10
· 1

GLin

, (4.19)

thus reaching the final form of the error associated with the mean gain of the twist through
a few simple mathematical passages:

σG =
20

ln 10
· σGLin√

N
· 1

GLin

(4.20)

The resulting Gain of the twist with its associated error is

GTWST = (−0.1639± 0.0013) dB

b) Mean Instrumental Offset: This second part of the code focuses on the computation
of the mean instrumental offset which, as anticipated above, must be removed from the
output ADU values of the digital acquisition electronics. This time the data come from
the .txt file returned from the multimeter itself, which contains the ADUs detected when
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all the instrumentation is turned off. An average of those values has been performed, as
well as its standard error (standard deviation over the square root of the number of
values), resulting in a offset of

ADUoffset = (2841.75± 14.32) ADU

c) Real Output Temperature of the Noise Generator: The third step consists in
computing the actual temperature of the Noise Generator which enters the RF Chain; the
10000K value used so far was an approximation of the NG equivalent emission relative to
the ENR, calibrated for the already introduced EBB2 receiver’s mean frequency of 94 GHz
(Sec.4.3.4). This portion of the Python script is instead dedicated to the derivation of the
mean temperature emitted by the NG corresponding to the set of those produced in the
band [88 − 101] GHz of maximum response of the BPF. Thus, by applying the concept
of Excess Noise Ratio enclosed in both Eq. 4.3 and Eq. 4.4, the above mentioned set of
i-temperatures TNG,i has been computed as follows:

TNG,i =

(
1 + 10

ENR i
10

)
· 290 , (4.21)

from which the average NG output temperature TNG. The associated error of the latter
concerns the following errors propagation:

σTNG
=

√√√√ Ni∑
i=0

(
δTNG

δTNG,i

)2

σ2
TNG,i

=

√√√√ Ni∑
i=0

(
1

Ni

)2

σ2
TNG,i

. (4.22)

Since the TNG,i values have been obtained through Eq. 4.21, thus, the error σTNG,i
for

each TNG,i is

σTNG,i
=

∣∣∣∣ dTNG,i

dENR i

∣∣∣∣σENR i
=

[
290

(
10

ENR i
10 · ln 10

10

)]
· σENR i

, (4.23)

where the σENR i
= ±2 dB is provided in the Data sheet of the Noise Generator.

The mean NG Temperature resulting from this third step is thus

TNG = (11551.67± 1388.34)K (4.24)

d) Mean ADU Value at each Attenuation Bin and Mean Attenuation Gain Val-
ues: the mean ADU value corresponding at each level of attenuation has been extracted.
This process, as well as its results, has already been explained in the previous section,
with the support of Tab 3.4. In the same table, the second column contains the actual
Gain values of attenuation, computed by employing the same procedure on the VNA .s2p

files of the Attenuator through Scykit-RF, described in step a).

e) Equivalent Temperatures to each Attenuation Value: given the already computed
main Gain values of the attenuation levels and of the twist, it is possible to derive the
equivalent temperatures corresponding to the hypothetical sources emitting at the always
different power values (arising from the several attenuation values applied to the Noise
Generator output temperature from point c)). These temperatures are fundamental to
the TN inference, since they represent the x-values in the amplification curve, in which the
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TN itself is mathematically derived through the x-axis intercept of the temperatures’ best-
fit line. The values to be obtained through this process are the results of the attenuation
equation described above, Eq. 4.5, in the temperature-related form

T = TIN · α + (1− α) ·RT , (4.25)

where TIN is the temperature entering the attenuator, i.e. the Noise Generator actual
temperature obtained through point c), α is the attenuation coefficient and RT the phys-
ical temperature of the Attenuator, the Room Temperature. As anticipated in point a),
the exponent of the attenuation coefficient α = 10GTOT /10, GTOT , must take into account
both the attenuation levels in the second column of Tab 3.4, named here GATT , and the
Gain of the Twist, thus resulting as α = 10(GATT+GTWST )/10. For what concerns instead
the derivation of the errors associated to the array of the temperatures just computed, a
multiple-step errors’ propagation is necessary: (1) the first source of error is the already
discussed attenuation coefficient. Its exponent as the sum of two mean values need an
error expansion of a function f(x, y) = 10(x+y)/10, with an uncertainty

σα =

√(
δf

δx

)2

σ2
x +

(
δf

δy

)2

σ2
y , (4.26)

where x and y are GATT and GTWST , namely. Proceeding with the computation, the

two partial derivatives under square root result to be

δf

δx
= 10

x+y
10 · ln 10 · 1

10
=

ln 10

10
· 10

x+y
10 =

δf

δy
. (4.27)

Given now Eq. 4.27, the relation for the uncertainty associated with the attenuation
coefficient, with x = GATT and y = GTWST , can be expressed as follows:

σα =
ln 10

10
· 10

x+y
10

√
σ2
GATT

+ σ2
GTWST

, (4.28)

where both σGATT
and σGTWST

are derived through the same exact procedure conducted
in point a) and described by Eq. 4.20. To conclude with, the propagation of errors carried
by Eq. 4.26 does not include the covariance factor under square root, since x = GATT

and y = GTWST result to be independent quantities.

f) Uncertainties on the amplification curve y-values: Speaking of errors, the previous
point concerned the derivation of the σ-values associated with the x-points of the amplifi-
cation curve. The same approach must be adopted in order to provide the full set of errors,
y-axis ones included. The points which lie on that axis are the ADU values of the powers
detected by the digital acquisition electronics and reported in the third column of Tab. 3.4
(ADUon value [ADU ]), from which though the ADUoffset value still needs to be removed.
The function whose errors needs to be propagated is, thus, f = ADUon−ADUoffset (point
b)), a function containing the difference between two mean values. Clearly, such a func-
tion presents unitary values of both the partial derivatives and, thus, a σADUon−ADUoffset

equal to

σADUon−ADUoffset
=

√
σ2
ADUon

+ σ2
ADUoffset

, (4.29)

where both those σ-values are the already obtained standard errors on the means;
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g) The Value of TN from the ODR Method Best-Fit: Now that a complete set of
uncertainties in both axis has been provided, it is finally time to produce the main result
of this python code, the EBB2 receiver’s noise temperature, starting from the Best-Fit
line. Instead of using the standard OLS, or Ordinary Least Squares method, in which the
residuals which arise from the vertical experimental-theoretical deviation (on the y-axis)
are minimized, the method chosen to perform this procedure is the so called ODR Method,
or Orthogonal Distance Regression: it takes into account the orthogonal distances on both
axis w.r.t. the model curve. When this method is fed with a linear model y = mx + q
and with the array of σx and σy, the values of m and q are returned, as well as the full
covariance matrix

cov =

(
σ2
m cov(m, q)

cov(m, q) σ2
q

)
, (4.30)

where σ2
m is the variance (i.e. the uncertainty squared) on the linear model slope, σ2

q

the variance on the intercept and, finally, cov(m, q) the parameter which points out how
much the quantities m and q are correlated: in general, if cov(m, q) > 0 the two values
are correlated, while anti-correlated (typical in linear fits) otherwise. With the elements
of the covariance matrix, it is possible to compute the Correlation Parameter ρ between
m and q:

ρ =
cov(m, q)

σm · σq

. (4.31)

If −0.5 > ρ > 0.5 then there is a strong correlation (ρ > 0.5) or anti-correlation
(ρ < −0.5) within m and q; if −0.8 > ρ > 0.8 then one is in front of a very strong
correlation/anti-correlation between the two parameter, while, instead, ρ = ±1 refers to
a perfect correlation/anti-correlation. This step of the Python code returned the following
results: 

m = (7.71± 0.05)

q = (2885.56± 21.04)

cov(m, q) = −0.80

(4.32)

producing, thus, the following linear model and correlation parameter:{
y = 7.71 x+ 2885.56

ρ = −0.826
(4.33)

In agreement with what just anticipated about the Correlation Parameter, the classic
behavior of linear model emerged, with a very strong anti-correlation between its slope
and its intercept, meaning that with the increase of one of them, the other necessarily
decreases to counterbalance and viceversa. Finally, by recalling the theory included in
Sec.3.3.4, for which

(a) the slope of the Best-Fit m provided above is the Gain value (Eq. 3.1b) which allows
the astrophysical-instrumental noise decoupling;

(b) the TN is the intercept of the negative x-axis with the Best-Fit passing through the
couples of values (T,ADUon);

The receiver TN can be computed, since the intercept computation is performed through
the y = 0 condition, thus turning the linear relation into 0 = mx+q ⇒ x = −q/m, where
x is exactly the noise temperature. Displayed below in Fig. 4.18, thus, the final result.
The Best-Fit obtained through the ODR method has identified an intercept value of
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Figure 4.18: The linear Best-Fit y = 7.71 x+ 2885.56 obtained through the ODR method and its
intercept with the x-axis, corresponding to a total Noise Temperature of the EBB2 Receiver equal
to |TN | = 374.17 K (errors included, covered by the point markers).

TN =
∣∣− q/m

∣∣ = (374.17± 4.75)K , (4.34)

with an uncertainty of ±4.75K arising from the following propagation of errors:

σTN
=

√(
δTN

δm

)2

σ2
m +

(
δTN

δq

)2

σ2
q + 2

(
δTN

δm

)(
δTN

δq

)
cov(m, q) , (4.35)

being m and q dependent variables.
As final observation, the resulting TN of Eq. 4.34 is very close to the expectation set at
the beginning of the EBB2 Receiver dissertation, during the production of the RF Chain
preliminary Gain Budget, namely of 382K. This successful comparison not only proves
the importance of the above mentioned Budget, but also satisfies the physical requests
imposed by the Friis Formula (Eq4.2, Sec4.3.2), confirming the already anticipated dom-
inant effect of the LNA as the TN results to be almost completely leaded by the NET
of the amplifier itself (and by the NETs of Horn and Circular - Rectangular Transition,
to a lesser degree), actually not so different from its Noise Temperature reported in the
fragment of its datasheet shown below, in Fig. 4.19 .

h) Second TN computational method: The second way in which the Noise Temperature
of the system can be derived, considered in this work as more of an instructive exercise,
is the one suggested in Sec.3.3.4 and depicted in its Fig.3.6: in principle, instead of the
intercept of the overall best-fit of the entire set of data, it would be also possible to plot
all the best-fits passing through each single combination of temperatures’ pairs belonging
to that set. If those data lie in the linear region of the receiver, the average value of TN

resulting from all the intercepts of the whole set of best-fits should still be comparable
with the dominant LNA’s NET. Fig.4.20 provide the graphic result of this method: it
is possible to observe, in particular on the right zoom-in image, a quite wide scatter
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Figure 4.19: A fragment of the LNA 005H datasheet: the Noise Temperature of the amplifier has
been chosen of ∼ 340 K as an approximation of the average TN in the filter maximum response
frequency working band of 88− 101 GHz (dashed cyan lower line).

between all the linear models generated by each pair of temperatures, leading to several
different values of TN located at all the x-axis intercept points. The average of these Noise
Temperatures results to be

TN = (272.63± 37.25)K , (4.36)

a value which well-represents the juts mentioned scatter effect: this method results to
be very sensitive to all the possible experimental fluctuation, since the closer the tem-
peratures in a best-fit pair, the higher the probability of producing a best-fit with an
anomalous slope with respect to the reference one of the main ODR linear model pro-
duced in the previous code step. Furthermore, this effect gets thus maximized for the
pairs of consecutive temperature values, heavily affecting the average TN by introducing
an enormous variance within all the best-fits’ intercepts (±37.25K versus the previous
±4.75K), and being able in this way to lower the average value by a lot. For the reason
just enlisted, even if this method is applied in the linear region of the receiver, its result
is not wrong, but neither very comparable w.r.t. the one rigorously derived by apply-
ing the ODR method: the average of the pairs’ intercepts systematically underestimates
the real TN by introducing a bias over the lower intercepts3, thus implying a quite large
uncertainty.

i) ODR TN vs ON/OFF TN : Unfortunately, further routine tests which have been con-
ducted on the receiver resulted in an irreparable malfunctioning of the LNA 005H, caus-
ing the complete loss of control of the Drain Current through the Gate Voltage. For this

3The TN positive values are unphysical results, since the method allows mathematically negative temper-
atures only as valid (physical) results. Those very high (positive) TN values are the one which sistematically
lower the effect of the negative TN in the average computation
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Figure 4.20: The best-fit lines produced by the set of all the possible combination of each temper-
atures’ pair. The wide scatter effect produced by the positive TN values is quite evident, especially
in the zoom of this phenomenon provided by the left plot.

reason, this amplifier has been replaced with the spare LNA 003H, characterized by a
slightly different bias of Vg = 1.5V and Id = 35mA, instead of the nominal Vg = 1.5V ,
Id = 25mA of the previous 005H. In order to follow the deadline for the receiver shipping
to Antarctica, the same whole set of tests conducted for the former LNA could not be run.
However, has it has already been extensively asserted so far, the fastest way to produce a
Y-Factor (thus a test on linearity) and a Noise Temperature, is to perform two measure-
ments regarding both a Hot and a Cold Temperature and their relative detected power
(still in ADU units), so to be able to employ Eq 4.15 and, thus, Eq. 3.10. Maintaining the
Configuration reported in Fig. 4.17, with the exception of the attenuator presence, this
can be achieved by simply turning on the noise generator (TH) and collecting the output
power of the receiver and then by repeating the measurement with the NG turned off, in
order to detect the power emitted by a source at room temperature (TC). Thus, a simple
but nevertheless effective approach has been adopted: since the LNA 005H rigorous re-
sult of TN is available, one could in principle simulate the quick process just described by
using the pair of temperatures corresponding exactly to the cases of NG turned on and
turned off, computed as reported in Sec.4.3.5 (Eq.4.5) when the attenuator is set to the
minimum and maximum attenuation levels namely, and then successively compare this
less rigorously-derived Noise Temperature thus obtained, with the one resulting from the
ODR method. By doing so, it is possible to check the reliability of the faster TN estima-
tion and, eventually, to be aware of the possible deviation between the two to be applied
to the ON/OFF cases conducted on the LNA 003H. In order to compute the uncertainty
of this new value of Noise Temperature for the LNA 005H, a two steps computation has
been performed: (1) derivation of the Y-Factor error, σY , through the errors propaga-
tion formula, regarding the three ADU measurements (NG On, NG Off and instrumental
Offset)

σ2
Y =

(
δY

δADUon

)2

σ2
ADUon

+

(
δY

δADUoff

)2

σ2
ADUoff

+

(
δY

δADUoffset

)2

σ2
ADUoffset

(4.37)
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with such partial derivatives:

δY

δADUon

=
1

ADUoff − ADUoffset

δY

δADUoff

= − Y

ADUoff − ADUoffset

δY

δADUoffset

=
Y − 1

ADUoff − ADUoffset

(2) final computation of the TN error, σTN
, based on σY :

σ2
TN

=

(
δTN

δY

)2

σ2
Y +

(
δTN

δTH

)2

σ2
TH

+

(
δTN

δTC

)2

σ2
TC

(4.38)

with such partial derivatives: 

δTN

δY
=

TC − TH

(Y − 1)2

δTN

δTH

=
1

Y − 1
δTN

δTC

= − Y

Y − 1

Before showing the resulting quantities, it is necessary to point out that, differently from
the complications described in the point h) method, the Pair of temperatures correspond-
ing to the ON/OFF cases of the Noise Generator is the one which gets less affected by
the above-mentioned bias, since those temperatures are the two extremes of the set, thus
located at the maximum distances w.r.t. each other. For this reason, this pair is the one
which best singularly approximates the slope of the ODR method linear model among all
the other best fits. This last statement is strongly proved by the comparison between the
ODR-derived TN and the one resulting from this last method of a single temperatures’
pair emerging from the ON/OFF state of the Noise Generator:

Tnoise,ODR = (374.17± 4.75)K

Tnoise,ON/OFF = (363.31± 10.86)K
(4.39)

These values show a perfect comparability within the uncertainties provided, thus guar-
anteeing full reliability in performing the Noise Temperature of the new LNA 003H
with just two measurements of output power taken with the Noise Generator turned
on (∼ 10000− 11000K) and then turned off (∼ 290K), based upon a preliminary check
of the linearity with a new Y-Factor which must remain near the one related to the linear
regime of the Receiver.

Reported in Tab. 4.6, all the collected data belonging to the Configuration in Fig. 4.17
with the LNA005H replaced by the LNA003H, set to three different Bias values:

■ BIAS 35: Vd = 1.5 V , Id = 35mA;

■ BIAS 30: Vd = 1.5 V , Id = 30mA;

■ BIAS 25: Vd = 1.5 V , Id = 25mA.
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BIAS 35

ADUoff [ADU ] 17700

ADUon [ADU ] 260800

TC [K] 294.15

TH [K] 11551.67

Y-Factor 17.36

TN [K] 393.91

BIAS 30

ADUoff [ADU ] 14250

ADUon [ADU ] 196950

TC [K] 294.15

TH [K] 11551.67

Y-Factor 17.02

TN [K] 408.80

BIAS 25

ADUoff [ADU ] 9470

ADUon [ADU ] 116800

TC [K] 294.15

TH [K] 11551.67

Y-Factor 17.19

TN [K] 401.07

Table 4.6: Main values related to the three BIAS settings of the LNA 003H mounted on the EBB2
receiver during Milano test obervations, October 2025.
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Chapter 5

Optical Models of Solaris telescopes

In this chapter, the electromagnetic (EM) models of the 1.5m Milano test telescope and the
2.6m ROSA telescope are presented, with the goal of calculating the beam patterns for the
current configurations with the EBB2 installed. After a brief introduction of the software used
and general concepts of the study, the EM models are described and the results reported.
Finally, the convolutions of the two telescopes power patterns with different Sun models are
provided, so to simulate an observation with ROSA, while for Milano to compare them with
the real solar observation acquired.

5.1 Introduction to the GRASP Software

GRASP (General Reflector Antenna Software Program), a state-of-the-art widely recognized
commercial software part of the TICRA Tools suite [44] , is a software dedicated to the design
of single- and dual-reflector antennas systems. It permits an extremely accurate simulations of
the radiated (or received) electromagnetic fields of reflector antenna systems, using advanced
computational electromagnetic methods, such as Physical Optics (PO) and Geometrical Theory
of Diffraction (GTD).

In this thesis’ work, the GRASP software has been employed not only to simulated as pre-
cisely as possible the response of the two Solaris telescopes (i.e. the Milano Test and Antarctica
Concordia ROSA optics), but also to study further optimization of the optical coupling between
the telescopes and the receivers, in order to find the best configurations in terms of main an-
gular resolution, the so called Full Width Half Maximum (FWHM), and sidelobes levels. The
setup of each telescope EM model can be divided in the following steps [45]:

1. the implementation of the telescope geometry, i.e. relevant coordinates systems, mirrors’
shape and locations;

2. the electromagnetic definition of the feed horn located at the telescope focus. In GRASP
this is the origin of the electromagnetic waves that scatter through the reflectors to the
sky (far-field);

3. definition of the calculations methods, such as Physical Optics (PO) and Physical Theory
of Diffraction (PTD)

4. setting of the calculation commands’ sequence to compute the final beam patterns for the
configurations studied

In the following paragraph, those steps are described in detail, as applied to the two optical
configurations studied for Solaris Project.
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Figure 5.1: The ROSA Antenna in Concordia Station, Antarctica (Left) and the Milano Test
Antenna (Right): the two Cassegrain configurations and their metallic support struts supporting the
subreflector.

.

5.1.1 Telescopes’ Models

The first step, which has to be dealt with during the design of this work’s complex antenna
configurations, is the reflectors geometry. Both optical systems are on-axis Cassegrain configu-
rations, i.e. optical systems that mount a parabolic primary mirror and a hyperbolic secondary
mirror. For these simulations we used mathematical ideal surfaces composed of perfect conduc-
tors (i.e. infinite conductivity). Tab.5.1 reports the geometric parameters of the two telescopes.

Milano Test Antenna

Primary Mirror Secondary Mirror

Shape Paraboloid Shape Hyperboloid

D[mm] 1500.0 D[mm] 296.0

Rhole[mm] 150.0 2a[mm] 293.3

f [mm] 1500.0 2c[mm] 880.0

- - e 3

Concordia ROSA Antenna

Primary Mirror Secondary Mirror

Shape Paraboloid Shape Hyperboloid

D[mm] 2600.0 D[mm] 294.0

Rhole[mm] 125.0 2a[mm] 424.0

f [mm] 1300.0 2c[mm] 700.0

- - e 1.65

Table 5.1: The optical parameters of Solaris’ Milano Test Antenna and Concordia ROSA Antenna
configurations required to their construction on GRASP. Primary mirror: shape, reflector diameter,
central hole radius and focal length; Secondary mirror: shape, reflector diameter, vertex distance
(2a), foci distance (2c) and eccentricity e.

For each telescope, two different configurations have been implemented in GRASP. The
first one, as shown in Fig.5.2, is composed by the primary mirror, the secondary mirror and the
Feed Horn placed in the respective Cassegrain focal point (Tabulated horn and then in Hybrid
mode Conical horn). The second configuration, a more realistic one, included the presence of
the subreflector support struts which sustain the secondary mirror in front of the primary one,
as shown in Fig.5.3 (GRASP model) and in Fig.5.1 (Photos of the two antennas). The two
configurations lead to different beam pattern calculation procedures, as will be explained in
Sec.5.1.4.
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Figure 5.2: Struts-less optical configurations of Milano Test Antenna (Left) and Concordia ROSA
Antenna (Right).

Figure 5.3: Optical configurations of Milano Test Antenna (Left) and Concordia ROSA Antenna
(Right) with their relative struts support systems.
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Hybrid mode Horn
ET [dB] Ra [mm] L [mm]
−10 7.39 51.93
−11 7.82 54.97
−12 8.25 57.96
−13 8.67 60.91
−14 9.09 63.83
−15 9.50 66.75
−16 9.91 69.65
−17 10.33 72.55
−18 10.74 75.45
−19 11.15 78.37
−20 11.57 81.31

Table 5.2: Geometrical parameter ([46]) relative to each given ET value in the ET = [−20,−10] dB,
i.e. horn aperture radius, Ra and horn length, L. Horns’ constant aperture angle and taper angle
fixed at 8.1◦ and 13.996◦, namely.

5.1.2 Feed Horns Models and Edge Taper

For what concerns the feed (in emission) illuminating the reflectors, in both case studies of
Milano and ROSA two different kinds of feed horn have been tested:

■ Hybrid mode Conical Horn: this electrical object, in GRASP terms, is able to simulate
the output of a horn given its aperture and its length, as well as its so called semi-flared
angle, which represents the angle subtended to the aperture itself starting from the central
axis of the horn. More importantly, this model could represent a corrugated conical horn
very well under balanced hybrid conditions [7]. It should be noted that it is possible to set
different values of Edge Tapers (see below for the definition of this important parameter)
by varying the aperture diameter and the length of the horn model. Reported in Tab.5.2,
such geometrical features of the horn models for each value of ET, computed by following
Section 3.2 of [46]. These values have been derived by assuming the horns as cones with
a constant aperture angle of 8.1◦ (following the Alma Band-2/3 corrugated circular horn
model in [29]), and with a taper angle value of θET = 13.996◦ (related to the telescopes’
secondary mirror, Fig.5.5)

■ Tabulated Horn: this specific kind of horn provides a far more realistic model,since it
takes in input a data file of its realistic radiation pattern derived form measurements or
real horn geometry simulations as in the case of the horn used in Solaris.

The comparison among these different feeds can be appreciated in Fig.5.4: while the beam
patterns of the set of horn models at different edge taper values show the typical behavior of
a linear conical corrugated horn under the perfect hybrid-mode condition, the beam pattern of
the tabulated horn derive from a specific electromagnetic design optimized for a different optics
(ALMA band 2, [52]). An important quantity that describes the electromagnetic coupling
between the horn and the reflector is the so-called Edge Taper (ET). By definition, it is the
power value of the pattern illuminating the rim of the reflector, normalized to the pattern at the
center of the reflector. In this case of the on-axis Cassegrain optics, the ET can be represented
by the level of the feed horn normalized beam pattern at the angle subtended by the secondary
reflector. This angle is usually called Taper Angle, as shown in Fig.5.5, and the ET is expressed
in dB units.
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Figure 5.4: Comparison among the different Mixed mode conical feed horns radiation outputs at
different ET values. The purple dashed lines represents instead the Tabulated Horn one, whose
higher sidelobes arise from its more realistic response.

In case the radiation pattern of the horn can be approximated by a Gaussian shape, the
ET fully defines the Gaussian profile [12]. In the case of a horn antenna, such as corrugated
horns, the ET can be set by an appropriate diameter of the horn.

The ET is one of the main parameters of reflector antenna design and optimization process,
since it impacts the angular resolution and the sidelobe levels [41].

5.1.3 Choice of Frequencies for the Simulations

The choice of the simulation’s frequencies is fundamental since it depends on the receiver
sensitivity as reported in Sec4.3.4. Two cases have been investigated. The first one concerned
a frequency of 94GHz, as the ν characterized by the higher dB response in the EBB2 receiver’s
Response Curve (Sec4.3.4) and, thus, considered as the mean frequency of the EBB2’s BPF.
This case of a single frequency is used to simulate the effects of the supporting struts because
of the time consuming calculations. The second case is a range of frequency between 88 and
101 GHz, as the one of maximum response of the above mentioned receiver’s BPF (Sec4.3.4)
and here used to simulate the optics responses at various edge taper.

5.1.4 Beam Pattern Calculations

As already anticipated, the beam patterns of the two configurations, with and without struts,
have been simulated in GRASP in different ways for both Milano and ROSA telescopes. A list
of the commands used in the software [45] is hereafter reported and briefly discussed with the
corresponding source (input) and target (output) of each one of them:

■ Struts-less Antennas configurations: this is the most simple layout. The calculation
procedure foreseen the simulation of the currents induced on the secondary mirror by the
feed horn-emitted field and, consequently, the calculation of the currents induced by the
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Figure 5.5: Taper angle: angle in black between half the reflector and its edge.

feed horn + secondary mirror on the primary one, before projecting the field into the
sky. To do so, the Physical Optics (PO) method is used: it approximates the reflectors,
under the Huygens Theorem, as the sum of n-elements each acting locally as infinite plane
reflector illuminated by a plane wave. In order to include also the points at the edges
of the reflector in analysis, the Physical Theory of Diffraction (PTD) is applied too. By
first assuming the case of a Mixed mode conical Horn in a Cassegrain configuration, a
cascade of commands is generated to provide the full implementation of the overall Power
Pattern’s simulation:

□ Get Currents, source: beam of the feed at given Taper value, aperture width and
semi-flared angle,target: secondary mirror, turned into an electrical object by the
PO analysis;

□ second Get Currents, source: electrical secondary mirror (the induced currents
computed in the first Get Currents), target:primary mirror, turned into an electrical
object by the PO analysis;

□ Get Field, source: electrical primary mirror (the induced currents computed in the
second Get Currents), target: spherical cut in the sky under the same theoretical
treatment discussed in Sec.5.1.2;

□ Add Field, source: electrical secondary mirror + feed gaussian beam pattern (the
induced currents computed in the second Get Currents), target: the spherical cut
mentioned in the previous point; this is an important correction to be applied in
order to have as the final output the overall total field described by

Etot = Escatt + Einc , (5.1)

where Einc is the field produced by the system secondary mirror + feed, incident on
the primary one. Without this command, the software would simulate as the field
projected into the sky and visualized through the spherical cut the one scattered by
the primary mirror only, so Escatt. However, thanks to this correction, the incident
field Einc is added to the latter, in order to obtain as final field output in the spherical
cut the total one, Etot, thus following Eq.5.1 [45].
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■ Configurations with struts: GRASP is actually able to perform a computation of the
currents induced on those metal structures too and, for this reason, their thus produced
field must be added on the total field storage method in the sky, either spherical cuts or
grids. In order to do so, to the group of cascaded commands enlisted in the struts-less
case, a smaller subgroup of commands has to be integrated:

□ Get Plane Wave Expansion (or PWE), source: the electrical primary mirror (un-
der PO analysis), target: the electrical PWE object; in principle, the induced struts
currents could be calculated by a Get Currents command using the main reflector
as source. However, the struts are located in the very near field and, for this reason,
the plane wave expansion method is much more efficient;

□ Get Currents, source: the electrical PWE object, output from the previous com-
mand, target: the geometrical object containing all the construction of the struts;

□ Add Field, source: the now electrical struts object, target: the preferred field
storage modality (in this work, two Add Field command have been employed, for
both Spherical cuts and grids).

Such addition to the ideal struts-less optical layout will demonstrate on both the Antennas
object of this work the effect of the smaller illumination provided by the shadows on the
sky field of the struts, as will be observed in the results presented shortly.

5.1.5 Fields’ Representation

The output fields (beam pattern) produced by the simulations are calculated in two different
coordinate systems. The first one, called spherical cut in GRASP, is the one-dimensional
spherical cuts taken in the θ − φ usual spherical coordinate system, where θ is the polar angle
and φ the azimuthal angle [45]. The output telescope fields has been computed by assuming, in
both Milano and ROSA cases, cuts of polar angles ranging from −5◦ to 5◦, so to visualize the
closest region to the main lobe and the first side lobes of the beams, and with three different
azimuthal angles:

■ φ = 0◦, which allows to study the variation of the θ-angle in the xz plane;

■ φ = 45◦, θ-angle variation in the xy plane;

■ φ = 90◦, θ-angle variation in the yz plane.

The second coordinate system is used to represent the beam pattern in a map instead of single
cuts. In GRASP, that is called spherical grid and in this case the field points are now located
on the (x0, y0) plane, i.e. the projection of a portion of the spherical surface surrounding the
reference system, as shown in Fig.5.6. This is represented by the (u, v) plane, where u and v
are the two pure first coordinates of the unit vector to the field point [45]:

r̂ = (u, v,
√
1− u2 − v2) (5.2)

and are further characterized by the following trigonometric functions of the spherical angles
(θ, φ): {

u = sin θ cosφ

v = sin θ sinφ
(5.3)

In other words, the (u, v) grid constitutes a regular grid when projected on the (x0, y0)
plane. Furthermore, both the Full Width Half Maximum (FWHM) and the main beam peak
value can be derived more accurately on the grid w.r.t. the cuts one, since the latter’s results
are obtained under the ideal assumption of perfectly spherical symmetric rotation of the beam.
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Figure 5.6: The (u, v) grid is the one projected on the (x0, y0) plane, while the red grid shows the
far-field directions over the spherical surface described by the θ, φ angles. Credits: [45]

5.1.6 Beam Calculations of Milano telescope

Based on the model setup explained above, this section reports the beam pattern results for
the Milano telescope. As shown in Fig.5.7, they have been calculated with and without struts
(black beam and red beam, namely), so to compare and evaluate the diffraction effects induced
by the telescope’s support structure. This set of beam patterns has been computed in the case
of Tabulated Horn only, since no work of optimization has been intended for the Milano Test
Antenna, implying just a focus on a comparison with the realistic observation held in Milano,
which will be discussed in Sec.5.2.2. The clear effects of the struts presence are evident in Fig.
5.7: the black pattern shows slightly higher side lobes in the first ±1◦ region, while instead is
provided with by far much higher ones in the more external angular region, thus stressing a
lower level of illumination caused by the struts shadows on the primary mirror. For the struts
case, spherical grid has been produced too and, so to provide better insights on the real effect
of these metal structures presence, seven different spherical cuts have been produced alongside
the map, with an azimuthal angle φ in the range [0◦, 90◦] and a step of 15◦. By comparing their
plots contained in Fig.5.8, it is possible to explain such phenomenon: the reasoning follows a
90◦ counter clockwise imaginary rotation on the spherical grid representation. On its (u, v)
plane, let one suppose to first sit on the horizontal line given by the points (u, 0); in this case,
the line lies on the horizontal arm of the cross pattern produced by the struts shadow on the
field storage in the sky. Since the effect of such lack of illumination is at its maximum, the
height of the side lobes will be at its peak, as can be observed from the black power pattern on
the seven cuts image, i.e. the φ = 0◦ spherical cut. If now that imaginary line starts rotating
counter clockwise from the previous horizontal position, it is possible to note that the effect
of the struts will be lower and lower since the more far away from the cross pattern arms,
the less the effect of the under-illumination. As a matter of fact, the lowest side lobes levels
can be appreciated in the φ = 45◦ spherical cut, as being equidistant from the cross arms.
By following such reasoning, the struts effect will start to increase once again as a function of
increasing angle φ, thus finding again a maximum effect in the φ = 90◦ cut. To conclude this
Section with, a zoom of the main lobe area of the spherical grid is provided, along with its
peak’s dB level which can be read from the colorbar provided aside (Fig.5.9).
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Figure 5.7: Comparison between the Power Patterns of the Milano Test Antenna in the cases of
Struts presence (black curve) and struts-free layout (red curve), both produced at 94.0 GHz in range
of θ = [−5, 5]◦, 1001 points in a φ = 0◦ visualization, Tabulated Horn case only. The latter clearly
shows an overall lower side lobes level, caused by the lack of the struts shadows upon the main
reflector.

Figure 5.8: Left: the seven spherical cuts φ = (0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦), θ = [−5, 5]◦ reported
so to explain by rotation the effect of the struts presence; Right: the spherical grid output of the
GRASP struts configuration. The cross pattern is given by the subreflector supports shadows in the
filed storage process in the sky.

5.1.7 Beam Calculations of ROSA telescope

For the ROSA antenna installed in the Concordia Base, different sets of beam patterns have
been computed. The first set concerns the beams computed under the Tabulated Horn case in all
the usual frequency range of maximum response of the EBB2 receiver’s BPF, ν = [88, 101] GHz.
Both the cuts and the maps were calculated for both the struts-less and with struts configu-
ration. As a reference, the struts-less spherical cuts in the range [−1,+1]◦ are displayed in
Fig.5.10, so to show the frequency dependence of main beam and sidelobes. Such beams are in
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Figure 5.9: Zoom of with-struts Milano telescope spherical grid on the region containing the main
lobe, as well as the very first sidelobes. 94.0 GHz, 1001 points spherical grid.

agreement with the general angular resolution relation

θ ∝ λ

D
, (5.4)

since the patterns produced by higher frequencies (i.e. lower wavelengths) show narrower
main beams (thus lower FWHM). The second set of ROSA’s beams computed in this work,
displayed in Fig.5.11, has been still obtained in the case of struts-less configuration by using as
feed model the Hybrid mode conical Horn case with a variation of the Edge Taper values in a
range of ET = [−20,−10] dB, so to analyze the effect of the ET in simulated observations: this
could be epmloyed to identify the configuration presenting the most optimal trade-off between
sidelobes level and angular resolution (FWHM) in real sun observations. As expected, lower
ET values correspond to a lower sidelobes level, because of an overall lower illumination. On
the other hand, the lower illumination causes a degradation of the angular resolution. To
quantify this illumination effects on beam patterns, the angular resolution, the sidelobes level
and the antenna efficiency were calculated and reported in Tab.5.3 for each Edge Taper value
in the range ET = [−20,−10] dB.Such patterns have been computed in the frequency range
ν = [88, 101] GHz and, in Tab.5.3, the minimun and maximum values obtained in that ν-
interval are reported. In order to study the dependence with the frequency, Fig.5.13 shows the
plots of the same quantities as a function of ν at different values of edge taper. The three plots
of Figure 5.13 are explained as follows:

■ FWHM vs Frequency: this set of curves represents the variation of the FWHM as a
function of the frequency at different Edge Tapers. the FWHM increases as the ET value
decreases. This is given by the lower and lower level of illumination produced by narrower
beams of the feed model, thus meaning lower angular resolutions corresponding to lower
ET values. In general, a negative variation of the FWHM for an increasing frequency
value can be readily seen as FWHM ∝ λ/D;

■ δL vs Frequency: This plot shows instead the phenomenon through which the Fourier
Transforms of narrower beams (produced by lower ET values) are characterized by lower
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Figure 5.10: Zoom in the θ = [−1, 1]◦ region of the struts-less Power patterns of ROSA telescope,
computed at each frequency in the EBB2’s BPF, 88 − 101 GHz, 1 GHz step. 1001 angle points
spherical cuts, θ = [−5, 5]◦ original dimension.

sidelobe levels, thus by higher δL, i.e. the distance within main beam’s peak and sidelobes’
peaks. In this case the behavior in the frequency-varying case is the opposite as earlier.
This is given by the fact that the directivity1 D ∝ (Dant · ν)2 and, thus, as the frequency
increases, the main beam itself increases much faster w.r.t. the sidelobes, resulting in
bigger δL values [38]. Tabulated and −10 dB cases present, finally, very similar behaviors;

■ ηA vs Frequency: the last bottom-left plot points out the variation of the antenna
efficiency2 as a function of both varying ET and frequency. The first case shows the
typical behavior of such quantity, finding a maximum efficiency between −10 dB and
−15 dB [38]; its generally negative variation w.r.t. to the frequency, instead, is given in
realistic cases by the increase of ohmic losses, roughness and phase errors [39]. Overall,
the highest antenna efficiency is reached by the −16 dB ET value in the first 88−92 GHz
freq., followed by −15 dB for the intermediate 92− 96 GHz range and, finally, in the last
96− 101 GHz frequencies, the −14 dB ET value. In this set of antenna efficiency values,
a perfect superimposition between the −10 dB and the −11 dB sets can be observed.

1Potentially, it indicates how much the instrument is able to focus the radiation through one direction w.r.t.
the ideal isotropic antenna

2ηA = ηspill · ηill [38]
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Figure 5.11: Left: ROSA beams, Hybrid mode conical horn in eleven different ET values in the
range ET = [−20,−10] dB. Spherical cuts with θ = [−5, 5]◦, φ = 0◦, 1001 points, 94.0 GHz, struts-
less configuration; Right: Zoom in the θ = [−1, 1]◦ region.

ET [dB] FWHM [arcmin] δL [dB] ηA
Tabulated [4.56, 5.04] [19.885, 21.592] [0.404, 0.445]

−10 [4.56, 5.10] [20.615, 22.304] [0.420, 0.455]
−11 [4.62, 5.16] [20.615, 22.304] [0.420, 0.455]
−12 [4.74, 5.22] [21.844, 23.986] [0.448, 0.471]
−13 [4.80, 5.28] [22.496, 24.835] [0.457, 0.473]
−14 [4.86, 5.34] [23.193, 25.686] [0.464, 0.474]
−15 [4.98, 5.40] [23.906, 26.533] [0.468, 0.473]
−16 [5.04, 5.52] [24.629, 27.331] [0.466, 0.473]
−17 [5.16, 5.58] [25.344, 28.06] [0.461, 0.472]
−18 [5.22, 5.64] [26.03, 28.696] [0.455, 0.469]
−19 [5.28, 5.76] [26.698, 28.714] [0.448, 0.466]
−20 [5.40, 5.82] [27.326, 30.53] [0.441, 0.462]

Table 5.3: Table displaying the range of the main values between their minimum and maximum
([min,max]) of ROSA power patterns for each ET value, i.e. the Full Width Half Maximum on the
main beam in degrees unit, the difference in height between the main beam peak and the first two
sidelobes’ peaks, δL, and finally the antenna efficiency ηA.

In conclusion, not only the −15 dB presents the best antenna efficiency values, but on top
on that it shows relatively high δL values and on the same time a low range of FWHM, thus
representing the best trade-off within the three quantities of interest analyzed so far for its
optical configuration.

Finally, Fig.5.12 shows the power patterns of ROSA telescope’s struts configuration, where
the same trend of Milano case study is spotted: a maximum diffraction effect in the φ = 0◦, 90◦

along the grid cross pattern’s arms and a minimum effect along the φ = 45◦ one. The small
difference within the higher sidelobes level patterns is given by the beam not being symmetrical,
implying a slightly stronger diffraction along the 90◦ direction w.r.t. the 0◦ one. Those beams
have been obtained under a Tabulated Horn condition.
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Figure 5.12: ROSA struts optical layout’s beams, Tabulated Horn. Spherical cuts with θ = [−5, 5]◦,
φ = (0◦, 45◦, 90◦), 1001 points, 94.0 GHz.

Figure 5.13: Graphic visualization of the whole values’ ranges contained in Tab.5.3.

5.2 Convolutions Beam Patterns - Sun models

The aim of this paragraph is to present the convolutions of the calculated beam patterns of
Milano and ROSA configurations with the brightness temperature profiles of different Sun con-
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ditions, introduced shortly. While for ROSA’s case the convolutions are executed to simulate
the observation results of such optical configuration, the main goal of Milano telescope’s convo-
lutions is to compare them with the real solar observations taken by the EBB2 receiver mounted
on such instrument during the Milano INAF mission held in October, 2025.

5.2.1 The Simulated Sun Brightness Temperature Profiles

Three different Sun models have been taken into account in order to extract their brightness
temperature profile and convolve it with the telescopes power patterns:

■ The Synthetic Flat profile: The ideal condition of Quiet Sun is well described by a
synthetic flat solar brightness temperature. As shown in Fig. 5.14, its construction is

Figure 5.14: Synthetic flat Quiet Sun model, as a uniform celestial body of 7000 K over all the
extension of the solar disk (±0.28◦, 33′).

set by imposing a constant 7000K temperature along all the extension of the radio solar
disk of approximately 33′ long [25], so within ±0.28◦. It is noteworthy specifying that the
temperature data on this particular profile, as well as all the others enlisted below, has
been interpolated on a x-axis containing the same range and steps of degrees in which
the power pattern of the Antenna has been computed (±5◦), so to be able to perform the
final convolution between profiles and patterns;

■ The ALMA Quiet Sun (QS) profile: this temperature profile has been extracted from
a .fits file of an already existent ALMA Band-3 (84−116 GHz, observation of the Sun,
taken from the SALSA archive [31] of the instrument. The above mentioned observation
refers to the specific frequency of 95.9 GHz. Shown in Fig.5.15, the Solar Map resulting
from the work of [47]. In order to obtain its Brightness Temperature profile, the .fits file
has been processed by a ad-hoc designed python code divided in the following steps:

1. Pixels’ dimension extraction - obtained from the .fits file header, correspond-
ing to 6′′ (0.001 67◦) in both x- and y- directions;
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Figure 5.15: The ALMA Radio Solar Map from Band-3 observations of [47], 400x400 pixels,
0.001 67◦ (6 arcsec) each.

2. Mean TB profile extraction method - in order to extract a profile, a binning
operation has been applied, so to collect all the data by enclosing all the information
of the pixels falling in the columns (bins) encountered on an equatorial scan of the
image. Specifically, by considering this 400x400 pixels image, 400 vertical (along Y)
1 pixel-wide bins have been filled with all the temperatures information carried by
each single pixel falling on each vertical bin, thus producing an array of 400 mean
brightness temperatures values (one for each bin). Moreover, it was necessary to
specify that the TB values, before being collected, went through a masking process
(described in the next point), since, as it is possible to notice from the ALMA Solar
Map shown in Fig.5.15 , a ring of empty space lies around the Sun;

3. Solar disk identification - a Radio Solar Astrophysics (QS case) relation has been
employed to extract solar disk pixels only [19]:

log T⊙ = a+ b · log ν ; (5.5)

Eq.5.5 represents a linear relation between log T⊙ and log ν and, with the parameters
a = 6.43 and b = −0.236, it is able to empirically best fit the so called Differential
Emission Measures (DEM) derived from Radio data, valid for ν ≥ 10 GHz. In
order to filter the solar disk pixels, all the values for which T⊙,pix ≥ 0.5 · T⊙,95.5GHz

have been included, with 0.5 · T⊙,95.5GHz being the threshold radio disk temperature
obtained by plugging the 95.9GHz ALMA Radio Solar Map’s observation frequency
in Eq.5.5 [19];

4. Profile data filling - synthetic 0K points has been added to the profile’s x-axis so
to reach ±5◦ and, thus, the same dimension of the above-mentioned patterns to be
convolved with;

5. Data interpolation - in order to perform the convolution with the beam patterns,
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the initial 6′′ step of the solar profile has been resampled to the 0.01◦ step used in
all the Antenna beam patterns.

The final profile obtained from these steps is displayed in Fig.5.16: it shows no features
related to Solar Active Regions activities, thus resulting in a flat profile much more
realistic w.r.t. the synthetic one.

Figure 5.16: Left: the final brightness temperature profile extracted from the 95.9 GHz ALMA
Radio Solar Map, De la Cruz et al. 2018, in a range of θ = [−5, 5]◦, 0.01◦ step, 1001 points; Right:
the same exact profile in a zoom between θ = [−1, 1]◦.

■ The Solaris Active Sun profile: this profile has been derived from the astrophysical
images (Fig.5.18) obtained by the 2025 Solaris observation campaign, held in the Mario
Zucchelli Station (MZS), Antarctica. Just before this campaign, the solar activity in-
creased dramatically3, providing a set of solar maps with active regions, from which a
brightness temperature profile of such Active Sun has been extracted. It is clear from
Fig.5.17 the poor angular resolution given by a beam of 4.88′, about five times wider
w.r.t. the 56.6′′ of ALMA. Moreover, the image has approximately four times less pixels
(125x125 grid), each one one order of magnitude bigger w.r.t. the ALMA’s one (0.02◦ vs
0.001 67◦). Thus, the ARs shown in the maps are already convolved with the beam in real
observations. The brightness temperature profile of this Solar Map has been extracted by
following the same previous procedure and can thus be seen in Fig.5.18, which represents
the observed convolved profile during intense solar activity.

By observing the shape of the last two solar temperature profiles described, it is possible to
note that the ALMA QS one suggests a complete opposite behavior w.r.t. the Solaris Active
profile, with an increasing TB as one gets close to the limbs of the disk. That discrepancy
is due to two radically different aspect, both rising from the fact that the solar maps from
which the T⊙ profiles have been extracted already represent a convolution with the beam of the
instrument itself: the higher angular resolution of ALMA, characterized by a beam almost five
times smaller w.r.t. the Solaris one (∼ 52′′ vs ∼ 4.8′), allows such instrument to resolve higher
regions of the solar chromosphere (which accounts for the predominant solar emission in the
observational band of this work), where the temperature increase as a function of the distance
(Sec.1.1.2, Fig.1.1) from the photosphere and thus, producing a profile as the one displayed in

3see for instance https://svs.gsfc.nasa.gov/14683 and https://www.swpc.noaa.gov/products/solar-cycle-
progression
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Figure 5.17: The Solaris Active Solar Map produced during the 2025 Antarctica expedition (MZS),
125x125 pixels, 0.02◦ each. Two visible Active regions are clearly observable on the solar disk.

Figure 5.18: Left: the final brightness temperature profile extracted from the 98.5 GHz Solaris
Radio Solar Map, 2025 Antarctica expedition (MZS), in a range of θ = [−5, 5]◦, 0.01◦ step, 1001
points; Right: the same exact profile in a zoom between θ = [−1, 1]◦.

Fig5.16. This effect is called Limb brightening [42]. The wider beam of Solaris, instead, during
the process of convolution, applies the so called effect of beam smoothing, thus canceling most
of the features. In other words, the hotter ALMA limbs arise from a real physical phenomenon,
while the more bell-shaped Solaris profile is an effect dominated by the instrumental response.
To model the Active Sun, different synthetic Solar Flares have been artificially added to the
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ALMA T⊙ profile in order to be convolved, turning it from a QS profile to an AR one. Those
astrophysical phenomena have been assumed to be ∼ 1′-wide and for what concerns their
position on the solar disk, two cases have been analyzed: a perfectly central flare, and one
located on the solar disk’s edge. For each of those case-study, three levels of temperatures has
been assumed, i.e. 105 K, 5 ·104 and 104 K. Fig.5.19 shows the three different synthetic Active
Sun based on ALMA T⊙ profiles in the just mentioned two Flare’s temperature cases.

Figure 5.19: Solar Brightness temperatures profiles based on ALMA profile with artificially added
synthetic solar flares; First row: central 105 K, 5 · 104 and 104 K added flares; second row: edge
105 K, 5 · 104 and 104 K added flares.
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5.2.2 Milano Telescopes Convolutions

Solar observations have been conducted with the EBB2 receiver, installed for testing purposes
on Milano Test Antenna in October 2025. In this site and period, the Sun is observable between
10 a.m. and 1 p.m., providing a relatively short time window to perform all the observations
needed, which have been subdivided in two different kinds:

■ Sun Tracking - the antenna is always pointed to the solar disk’s center, as it follows its
motion in the sky;

■ Solar Transit - the antenna is set in a steady initial position, which anticipates the
Solar entering in the field of view, thus, the transit of the Sun is observed with the
telescope at rest. After the completion of the transit, a 300K blackbody (RF absorber,
Fig.fig:300KLoad) is located in front of the horn aperture as a reference input temperature.

Figure 5.20: The 300 K RF absorber, which acts as a
RT source.

Both these observational techniques have
been repeated three times each, one for each
of the three bias settings of LNA enlisted in
Tab.4.6, i.e. 25, 30, 35 mA for drain current,
Id. The observations, captured on October
8th 2025, lasted approximately 45 minutes,
from 11:43 a.m. to 12:27 p.m.. The acquired
data are shown in Fig. 5.21 in ADU - Analog

to Digital Units as a function of time, in
the HH:MM:SS format.

A close view of the solar transit with the
BIAS 35 set on the LNA is shown in Fig. 5.22.
It is the real convolution of the Sun Bright-
ness Temperature profile with the beam of the
instrument, clearly showing a small asymme-
try towards left. As a matter of fact, the next
steps of this section will be dedicated to draw-
ing final conclusions whether the physical or
instrumental nature of such feature by con-
volving the already mentioned different T⊙ profiles with the Milano telescope’s power patterns
presented in Section 5.1.6.
Based on [51], in this work the description of the convolution has been limited to a transit,

i.e. to a one-dimensional convolution. In this case, the Antenna Temperature, TA, refers to
the temperature detected by the antenna as the sky brightness temperature weighted over the
radiation pattern of the instrument, and can be described by the following relation:

TA(θ0) =

∫
Pn(θ − θ0) T⊙(θ) dθ∫

Pn(θ) dθ
, (5.6)

where the numerator represents the convolution between the linear normalized-to-maximum
beam or power pattern, Pn(θ), and the Brightness Temperature distribution of the Sun T⊙(θ).
In order to highlight the importance of this study and visualize the effect of telescope diffraction
patterns in the observations of solar Active Regions, a sketch of a beam scanning the sun dish
profile is reported, drawn in Fig.5.23. Let one suppose a beam shifting during the observation
from left to right. When the main lobe is pointing towards a quiet region of the Sun, the
first right side lobe is the one which first starts to collect power from the bright active source;
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Figure 5.21: The data acquired during the Milano observation by the EBB2 Receiver mounted in
the Milano 1.5m Test Antenna. Three chasings and three transits respectively, one of each for each
bias setting. Data in ADU units per time, HH:MM:SS format.

this bright region is then observed by the main lobe and, finally, by left side lobe. The more
sensitive an instrument is, the fainter the signal variation due to sidelobe pickup can be detected,
increasing the possibility of a fake detection of an active region. As already intrduced in Sec.3.1,
the minimum temperature detectable by a receiver is expressed by the following relation:

∆Tmin =
Tsys√
∆ν · τ

(5.7)

where Tsys = TA+TN is the system temperature, i.e. the sum of the antenna temperature TA

and the noise temperature of the receiver, ∆ν the observational bandwidth and τ the integration
time of the observation. Clearly, the lower the ∆Tmin, the higher the sensitivity of a system.
The sensitivity gives the threshold above which a signal gets detected or not, either physical or
artificial: it is thus of utmost importance to be able to distinguish such origin’s duality. As a
final statement, in case of Active Sun real observations, the sidelobe maximum acceptable level
depends on the FWHM (Eq.5.7), the receiver’s sensitivity related to noise and gain (Eq.5.7),
and the expected intensity and size of the active regions.

The convolutions between the beam pattern and the Sun profile have been computed in
the Fourier domain, by multipling these two quantities accordingly to the Convolution Theo-
rem. On python, this operation has been conducted through the function fftconvolve. The
denominator provides the proper normalization, ensuring that TA is a true beam-weighted av-
erage of the sky temperature distribution. In the integrals’ computation, performed through
the Riemann sum method , the dθ factor represents the constant step of the angular grid, thus
a value dθ = θi − θi−1 equal to the actual angular step used in the calculation of all the power
patterns in the GRASP simulation, i.e. dθ = 0.01◦ (spherical cuts performed with 1001 values
ranging within θ = [−5, 5]◦). The convolutions’ results have been obtained in two different Sun
conditions defined in Sec.5.2.1.
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Figure 5.22: The zoom on data contained in Fig 5.21 regarding the transit of the sun detected
with the EBB2 receiver mounted on Milano Telescope and with the Bias sets to 35. On the peak, a
small asymmetry towards the left part of the plateau is visibile. The signal step after the transit is
due to the 300K load faced in front at the receiver’s feedhorn.

Convolutions with a Quiet Sun

In this case, the convolutions involve beam pattern cuts without struts (see Fig.5.7, red
curve) and the Quiet Sun Brightness temperature profiles previously introduced, i.e. the Syn-
thetic Flat profile and the ALMA profile; the results of such operations are displayed in Fig.5.24
(Synthetic profile) and Fig.5.25 (ALMA profile). From the two sets of plots, a clear similarity
can be noted, thus stressing the way in which most features of a realistic profile such as ALMA’s
are smeared in the process of the convolution with a beam with large angular resolution. In
addition, both peaks of the curves thus obtained show a symmetric behavior, thus excluding
that the real Quiet Sun condition (ALMA Sun) could cause the asymmetric features present in
the observed profile in Milano. To deeply investigate these asymmetries, it has been decided to
conduct the same process in the case of struts presence with the ALMA Sun profile only. The
set of plots in Fig. 5.26 report the convolution in logarithmic scale, so to enlarge the effects
of the sidelobes. Those seven plots refer to the seven cuts of beams calculated as described in
5.1.6, i.e. cuts each 15◦ of step in azimuthal angle in the range φ = [0◦, 90◦]. As expected, the
convolutions follows the same pattern of side lobes level variation described in Sec.5.1.6, with
a highest diffraction effect for spherical cuts of φ = 0◦ and φ = 90◦, a minimum one at φ = 45◦

and, finally, intermediate levels in the convolutions concerning the other remaining four cuts.

Convolutions with an Active Sun

In this other case, the beams of both struts and struts-free optical layouts of Milano telescope
have been convolved with the T⊙ profile of the Active Sun, as shown in the plots of Fig.5.19.
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Figure 5.23: Visualisation of the observational scanning process. See text for the details; the
beam shifting causes the lecture of some active regions by the side lobes, often causing an easy
misinterpretation of the data given by a combination of radiometric sensitivity of an instrument and
its side lobe level.

Figure 5.24: Left: convolution between the Synthetic Flat brightness temperature profile and the
power pattern struts-free in a range θ = [−5, 5]◦; Right: the same exact convolution in a zoom
between θ = [−1, 1]◦.

Three different sets of power patterns have been used to simulate the observations:

1. the beam pattern calculated with the Tabulated Feed Model and with the struts-less
optical layout;

2. the beam pattern calculated with the Tabulated Feed Model, including the struts;

3. the synthetic beam pattern with a gaussian profile with the same FHWM value of the
main lobe of the struts-free configuration.
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Figure 5.25: Left: convolution between the ALMA QS brightness temperature profile and the
linearized power pattern struts-free in a range θ = [−5, 5]◦; Right: the same exact convolution in a
zoom between θ = [−1, 1]◦.

The resulting convolutions within these three patterns and the usual synthetic flared sun profiles
are displayed in Fig.5.27, superimposed and on a logarithmic scale, so to better highlight the
different effect of each case on the convolutions’ overall sidelobes level.

Fig. 5.23 shown the same plots but in linear scale and zoomed in the peak of the signal. It
is readily seen from these plots that in presence of active regions, the sidelobes of the antenna
pattern could mimic other active solar regions because of their signal-pickup feature.

In each of the three pairs of plots of the convolutions reported in Fig.5.28, the right one
represents a zoom on a temperature fluctuation which is exactly caused by the chronologically
first encounter of the edge flare with the right first sidelobe of the Antenna Beam during the
observation scan (the reasoning on the equatorial beam scans treated in Fig.5.23 has been
followed here). If one would measure the ∆T of the such fluctuations visible in that three plots,
then the 105 K edge flare would produce a ∆T ∼ 400K, the 5 · 104 K flare a ∆T ∼ 200K and
the 104 K flare a ∆T ∼ 40K. In order to estimate the lowest detectable fluctuation in case of
EBB2 receiver, it is necessary to provide an estimate of its radiometer sensitivity: under the
reasonable assumption of a total Tsys ≈ 105 K (accounting for a Tflare ≈ 105 K and a thus
negligible receiver noise temperature TN ≈ 400K), a ∆ν = 1.4 · 1010 Hz (≈ 1010 Hz) (i.e. a
bandwith of 14 GHz, assuming the optimal receiver BPF working range of ν = [88, 101] GHz)
and the integration time τint = 1s, it turns out a ∆Tmin ≈ 1K, meaning that even the
convolution product of flare as low as 104 K would still be picked up by the beam sidelobes
and thus potentially tracked by the receiver.

In conclusion, even if the effects due to the sidelobe could in principle be detected by the
receiver installed during the observations’ tests in Milano, the asymmetries seen on the data
(Fig.5.27) cannot be justified by the sidelobes pickup. Instead, the asymmetry could be due to
optical misalignment of the receiver reflecting in a not-perfectly symmetric pattern in case of
quiet sun.

5.2.3 ROSA Telescope Convolutions

A similar study has been conducted in the case of the struts-less configuration of ROSA tele-
scope (Concordia station, Antarctica), for which only the convolutions with the Active Sun
model, i.e. ALMA synthetic flare Sun profiles, were calculated. Fig.5.29 and Fig.5.30 show
the resulting logarithmic-scale convolutions with the ALMA T⊙ profile with the addition of
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Figure 5.26: The convolutions between the ALMA QS T⊙ profile and the seven power patterns
as spherical cuts from 0◦ to 90◦ with a step of 15◦ effected by the presence of the subreflector
support struts. First row: φ = 0◦, 15◦, 30◦ cuts convolutions; Second row: φ = 45◦, 60◦, 70◦ cuts
convolutions; Third row: φ = 90◦ cut convolution.

flares at the center and at the edge of the Sun. As for the Milano telescope, the three different
flares’ temperatures are analyzed, i.e. 104, 5 · 104, and 105 K. In such plots, the convolu-
tion of three different patterns are shown, namely the Tabulated Feed one (yellow curve), the
gaussian function as for the procedure described in Sect.5.2.2 (green curve) and the Hybrid
mode conical horn’s beams for each value of the ET calculated in the range of Edge Taper
[−20,−10] dB. For clarity, given the very large amount (198) of computed convolution, only
two ET cases are reported. The first one is the convolution obtained with a beam calculated
with the ET = −20 dB as reported in Fig.5.30 and the second one, the convolution obtained
with a the beam calculated with the ET = −15 dB (ET set’s best trade-off between antenna
efficiency, FWHM and sidelobe level, Sec.5.1.7), as reported in Fig.5.29.
Furthermore, only the patterns computed at the frequency of 94 GHz has been considered,
since the estimated computational time required to repeat the whole calculation procedure for
each of the 14 frequencies in the BPF range ν = [88, 101] GHz would have been too long. By
observing the above-mentioned Figures, especially the ones displaying the Edge flare case, it
is possible to observe the same highly asymmetric shape of the convolutions: by the left side
where the flare lies, the sidelobes present at every angle very pronounced peaks w.r.t. the right
one. This non trivial effect is caused by the scan acquisition process described in Sec.5.2.2,
Fig.5.23, and can be divided in three main phases of scan shifting from left to right:
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Figure 5.27: Convolution of the three different Milano Telescope beam patterns with the Active
Sun based on the ALMA profile (synthetic flare-added, Fig.5.19). First row: central 105 K, 5 · 104
and 104 K synthetic flares; Second row: edge 105 K, 5 · 104 and 104 K synthetic flares.

1. Phase 1: the right side’s sidelobes are the ones which first pickup the disk’s edge flare
signal. In the meanwhile, main beam and left sidelobes are scanning the space background
signal, very low w.r.t. the flare signal;

2. Phase 2: the main beam is now detecting the flare, with right sidelobes picking up the
QS signal and left sidelobes still on the background;

3. Phase 3: the left sidelobes now pickup the flare signal, while both main beam and right
sidelobes are on the QS level.

The above-mentioned very visible asymmetry is originated by the fact that the two pickup
events on the flare signal by left and right sidelobes occur in two different situations: during
Phase 1, the right sidelobes are detecting the flare while the left ones pickup the background; in
Phase 2, instead, by the time the left sidelobes are detecting the flare, the right ones are picking
up the QS signal, clearly higher w.r.t. the background detection of the first phase. The delta
of the signal picked up by the two different sidelobes is thus different, i.e. Flare vs Background
(Phase 1) and Flare vs QS (Phase 2). Since the pickup of the Flare vs Background higher delta
happens during the scan of the left side, this visual asymmetry manifests as very pronounced
sidelobes features in the left part of the final convolution.
Moreover, Fig.5.31 shows the convolutions within the −15 dB power pattern and the central
and edge 105 K synthetic flare added to ALMA T⊙ profile, with the θ-angle ranging from −5◦

to +5◦: in this way the main discrepancy between tabulated and hybrid mode convolutions,
occurring at angles further away from the ones locating the region which contains main beam
and first sidelobes, is thus highlighted. The choice of the flare temperature Tflare = 105K has
been employed so to better show the thus higher sidelobes’ features in the convolutions.
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Figure 5.28: Comparison of different convolutions (gaussian curve, struts layout, struts-less layout)
in linear scale, to better appreciate the features produced by the side lobes’ detection of the edge
flare, in all its three cases of 105 K, 5 · 104 K and 104 K.

To conclude with, Fig.5.32 displays instead ROSA convolutions within the Tabulated horn
power pattern case and the 104 K, 5 · 104 K, 105 K usual flares’ profiles, but this time in a lin-
ear scale in order to emphasize the widths and the different heights a flare of a given estimated
temperature can reach over a quite flat Quiet Sun’s Radio signal.
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Figure 5.29: ROSA telescope convolutions with the ALMA brightness profiles with added synthetic
flares. Each set of plots shows the comparison of convolutions within 104, 5 · 104, 105 flare profiles
and a) Hybrid Mode Horn model with a ET = −15 dB (blue curve); b) gaussian function with the
same FWHM of the beam (green curve); c) Tabulated pattern horn model (yellow curve). Left:
case of 104, 5 · 104, 105 central synthetic flares; Right: case of 104, 5 · 104, 105 edge synthetic flares.

Figure 5.30: ROSA telescope convolutions with the ALMA brightness profiles with added synthetic
flares. Each set of plots shows the comparison of convolutions within 104, 5 · 104, 105 flare profiles
and a) Hybrid Mode Horn power pattern produced by a ET = −20 dB (blue curve); b) gaussian
function produced with the same FWHM of the beam (green curve); c) Tabulated pattern of the
antenna (yellow curve). Left: case of 104, 5 · 104, 105 central synthetic flares; Right: case of 104,
5 · 104, 105 edge synthetic flares.
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Figure 5.31: ROSA: Convolutions within the −15 dB power pattern and the central (top plot) /
edge (bottom-left) / side (bottom-right) 105 K synthetic flare-added ALMA T⊙ profile, with θ-angle
visualization (θ = ±5◦). The discrepancy within the patterns produced by the two type of horn’s
models is thus observed at higher angles.

Figure 5.32: ROSA Telescope: Convolutions in linear scale with the 104 K (first plots’ row),
5 ·104 K (second plots’ row) and 105 K (third plots’ row) and the power pattern calculated with the
Tabulate Horn model.
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Chapter 6

Conclusions and Future Perspectives

The work presented in this thesis is part of the Solaris project, which aims to observing the Sun
at microwave frequencies, namely around 100 GHz, thanks to dedicated observatory facilities
whose antennas are currently located in Italy, at the University of Milan and at the Testa Grigia
Station, and in Antarctica, at the Mario Zucchelli and Concordia stations. Around the above-
mentioned frequency, eruptive solar events occurring during periods of maximum solar activity
(e.g., Solar Flares) , can be observed; the detection of such hazardous phenomena, given their
potentially severe impacts on Earth’s telecommunications and aeronautical workforce, have
important applications in the Space Weather branch of physics. Under these circumstances,
this work aimed to the development of a W-band receiver which will be able to detect their
forecasting signals.
In this work, the Elegant Bread-Board n.2 receiver, or EBB2 receiver, has been assembled and
then it has undergone the fundamental processes of VNA characterization and Linearity study.
These analysis ensured the estimation of the receiver’s Noise temperature and Gain through the
realization of new dedicated python scripts, thus providing the best technical settings related
to the Sun very bright radio signal’s observations: the receiver itself proved its linearity not
only in QS conditions, but even under the simulated observation of a 10000K flare event.
This first practical step unlocked the possibility of conducting real test observations by in-
stalling the EBB2 receiver on the Milano Test Antenna, thus being able to observe the Sun
radio signal in the unprecedented frequency range of [80-110]GHz. Furthermore, thanks to the
employment of the GRASP software, the power patterns of both the Milano and ROSA An-
tennas were simulated, specifically to support ongoing data analysis and to study the impact
of sidelobes on solar observations for further optimisations.
In this Thesis work, dedicated convolutions’ routines have been realized on python to simulate
observations using such beams and solar temperature profiles derived by real solar maps (Solaris
and Alma). In order to provide a study better related to the Space Weather aims of this work,
synthetic flares of different temperatures have been added to these profiles and their expected
response to such events have been simulated.
Moreover, for what concerns ROSA telescope, an optimization study of the feed horn and
related reflector illumination (Edge Taper) has been conducted for the first time under the
condition of the current secondary reflectors’ shape, identifying in the value of ET = −15 dB
the best trade-off within ROSA’s angular resolution, sidelobes level and antenna efficiency. As
future developments of the Solaris project, this last-mentioned optical analysis can be further
improved by studying a new custom design for the secondary reflectors of Solaris Antennas
which will best suit the observational aims of the project. Finally, for this aim’s backup, the
customized electromagnetic study of a new corrugated feed horn will be realized in the future
based on the results of this work. In addition, this prototype receiver, EBB2, together with
the other prototype EBB1, mounted at the OASI station at Mario Zucchelli Antarctica Base
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(not part of this study), will provide the basis for further developments towards a final receiver
design, specific for Solar observations.
In conclusion, after two years of prototyping, Solaris is now entering the next phase of its
development. With the forthcoming optimization of the telescope’s optical design and the
manufacturing of newly engineered receivers, Solaris will enable continuous monitoring of so-
lar activity at microwave frequencies as never before. Thanks also to the 24h global solar
monitoring coverage aimed by the realization of a northern hemisphere station, this project
prospects real and essential pioneering developments and applications on the branch of the
Space Weather: by providing unprecedented forecasting warnings which will contribute in the
near future to the safety of ground-based and space facilities, the Solaris project will have the
possibility to play its part in humanity’s greatest endeavour, the exploration of our Universe.
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Appendix A

A.1 Attenuator S-parameters

(a) Attenuator’s VNA S-parameters output: −25 dB level; (b) Attenuator’s VNA S-parameters output: −27 dB level;

(c) Attenuator’s VNA S-parameters output: −30 dB level; (d) Attenuator’s VNA S-parameters output: −33 dB level;

Figure A.1: VNA S-parameters outputs of the Attenuator as set to the values reported on Tab.4.3.
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(a) Attenuator’s VNA S-parameters output: −35 dB level; (b) Attenuator’s VNA S-parameters output: −37 dB level;

(c) Attenuator’s VNA S-parameters output: −40 dB level; (d) Attenuator’s VNA S-parameters output: −45 dB level;

(e) Attenuator’s VNA S-parameters output: −50 dB max-
imum level.

Figure A.2: VNA S-parameters outputs of the Attenuator as set to the values reported on Tab.4.3.
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A.2 Response Curve Power Meter Data

Frequency [GHz] Power [dBm] Frequency [GHz] Power [dBm]
80.0 Noise Floor 95.5 −24.18
80.5 Noise Floor 96.0 −26.34
81.0 Noise Floor 96.5 −26.55
81.5 Noise Floor 97.0 −25.90
82.0 Noise Floor 97.5 −25.00
82.5 Noise Floor 98.0 −25.74
83.0 Noise Floor 98.5 −25.49
83.5 Noise Floor 99.0 −25.79
84.0 Noise Floor 99.5 −26.47
84.5 Noise Floor 100.0 −26.51
85.0 Noise Floor 100.5 −28.55
85.5 Noise Floor 101.0 −28.77
86.0 Noise Floor 101.5 −29.88
86.5 Noise Floor 102.0 −30.74
87.0 Noise Floor 102.5 −30.85
87.5 Noise Floor 103.0 −30.66
88.0 −31.81 103.5 −30.49
88.5 −27.34 104.0 −30.26
89.0 −24.32 104.5 −30.42
89.5 −24.22 105.0 −30.61
90.0 −24.02 105.5 −30.19
90.5 −24.10 106.0 −29.78
91.0 −23.59 106.5 −29.04
91.5 −24.90 107.0 −28.22
92.0 −25.05 107.5 −27.88
92.5 −25.06 108.0 −29.12
93.0 −25.62 108.5 −27.91
93.5 −25.82 109.0 −26.51
94.0 −24.81 109.5 −26.62
94.5 −24.38 110.0 −27.58
95.0 −24.59

Table A.1: Response Curve: absolute power values measured by the power meter as a function
of the frequency in the entire EBB2 receiver working range of ν = [80, 110] GHz, step of 0.5 GHz.
The voice ”Noise Floor” stands for a measured power below the instrument detection range of
P = [−35,+20] dBm
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