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Abstract

Data calibration is a critical process in astronomical observations as it enables the
correction of systematic errors and ensures the reliability of measurements. This
aspect is particularly crucial in radio-astronomy experiments such as COMAP
and LLAMA, which aim to detect faint astronomical signals with high precision.
In these projects, both instrumental and observational challenges, including
the perturbation of weak signals by the atmosphere and receiving systems,
introduce uncertainties that must be understood and mitigated to ensure accurate
results. This research focuses on developing calibration strategies for instruments
in the millimeter and submillimeter bands, addressing the factors influencing
data integrity. The study concentrates on two main components: the COMAP
experiment and the LLAMA calibration loads.

Within the framework of the LLAMA Project, a Calibration Loads sub-system for
the LLAMA radio-telescope was developed and characterized. This ultra-wideband
system allows the various single-pixel receivers planned for LLAMA to calibrate
their intensity scales in antenna temperature using the Y-factor technique. We
have developed a closed-loop temperature control system based on FPGAs, along
with ACS control software, which was integrated into the LLAMA middleware
to implement thermal monitoring and control for the Calibration Loads. The
characterization of the loads included infrared and radiometric measurements
performed on both the prototype and the final loads. Infrared measurements
demonstrated thermal stability over time, with standard deviations of less
than 1°C for all loads. In radiometric measurements, the calculated brightness
temperatures exhibited a linear correlation with the physical temperatures
evaluated between 40°C and 70°C. Discrepancies between the physical and the
brightness temperatures increased with a rise in 7,. For the prototype, in which
power was measured with a 93 GHz heterodyne receiver operated alongside an
FPGA-based automated system, the percentage difference reached up to 1% in
Kelvin scale at 70°C. In the final loads, power was manually determined using a
93 GHz direct detection receiver, the maximum difference was 5% on the Kelvin
scale at 70°C, corresponding to one of the large loads. These variations are
attributed to the geometric design and thermal properties of the loads. At 70°C,
the stabilization time of the brightness temperature from ambient temperature

was 8 minutes for the small load and 17 and 28 minutes for the blue and red large
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loads, respectively. The loads remained within the allowed error margin of 1%,

validating their stability and accuracy as calibration tools.

In the context of the COMAP Project, a radiometric and atmospheric study
for the OVRO site at COMAP frequencies was executed. The performance of
the receiver was evaluated using a series of scans taken on different dates and
times. The Y-factor technique was applied to determine the receiver temperature,
incorporating spillover and atmospheric emission modeled with the AM radiative
transfer model and MERRA-2 atmospheric database. The results showed that T,
remained stable, with 95% of the values falling between 10 and 31 K and a mean
of 17.7 K. The system temperature was calculated by adapting the methodology
of O'Neil [10], explicitly including the simulated sky temperature from the AM
model using the MERRA-2 database. It was observed that Ty, ranged between
28 and 56 K for 95% of the data, showing dependence on PWV and the elevation
angle. As expected, conditions of reduced PWV resulted in lower values of Ty,
highlighting the relevance of these factors in the accuracy of the measurements.
COMAP’s sensitivity was found to vary between 146 and 260 mK for 95% of the
data, with a mean of 203 mK, evaluated at a Av of 2 MHz and a data sampling
rate of 20 ms. The temporal stability of the data ranges between 5 and 22 seconds
with a mean of 14 seconds, as evaluated through Allan variance, confirming the
presence of gain fluctuations in all analyzed files. The aperture efficiency results
showed a decrease with increasing frequency, ranging from 0.27 to 0.51 with a
mean of 0.38, evaluated at the central frequencies of COMAP.

In the observational framework of the COMAP Project, a validation study of the
MERRA-2 atmospheric database model was carried out through an atmospheric
analysis at the OVRO site on March 25, 2019, at 15:00 GMT. This analysis
compared radiometric measurements obtained by the COMAP instrument with
atmospheric simulations generated using the AM radiative transfer model based
on the MERRA-2 database for the specific date and time. We determined a PWV
content of 5.753 mm for that moment, calculated through vertical integration of
the layered model provided by the MERRA-2 database. This value was retrieved
by executing the AM radiative transfer model using the same dataset with an
error of less than 1%. Additionally, we conducted a radiometric study for OVRO
on March 25, 2019, between 14:18 and 14:26 UTC. We analyzed the COMAP
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Level-1 long skydip power data recorded at elevation angles between 30° and
86.5° during this period and estimated its atmospheric brightness temperature
at different elevation angles. We compared the derived radiometric temperature
with simulations from the AM radiative transfer software, based on the MERRA-2
atmospheric database model, and found strong consistency. During the data
processing, we observed an excess temperature when the elevation angle decreased,
which could be attributed to spillover effects. This excess temperature ranged
between approximately 6 K and 8 K at an azimuthal angle of -30°. As a key
scientific outcome of this atmospheric study at the OVRO site, a zenith opacity
spectrum was obtained by fitting brightness temperature data across the entire
COMAP frequency range, revealing excellent agreement with simulations, with a
percent error of only 4%. The same procedure was applied to a more restricted
subset of skydip power data, spanning elevation angles between 40° and 60°
within the same evaluated file. The percent error between the calculated and
simulated zenith atmospheric opacity is only 4.4%, confirming that short skydips

can effectively characterize atmospheric contributions.
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Chapter 1. Introduction 1

Chapter 1
Introduction

One of the most critical aspects of any astronomical observation is the calibration of
the obtained data. This process compensates for systematic errors in the observed
flux astronomical sources, ensuring reliable measurements. Ideally, multiple scans
of the same source should yield consistent power readings; however, this is difficult
to achieve in practice. Power measurements often fluctuate due to unwanted
contributions from observational and instrumental factors. These factors cannot
be entirely removed as they are intrinsic to the observation process, making it
essential to understand and characterize their behavior throughout the observation

to attempt a potential correction for their effects.

The Earth’s atmosphere plays a significant role in the observational factors affecting
signals from space. In the microwave frequency range, between 1 and 300 GHz,
atmospheric absorption is primarily dominated by water vapor, oxygen, and
ozone [55]. Particularly in the millimeter-wave region, water vapor, a highly
variable atmospheric constituent both in time and space, strongly absorbs this
radiation, significantly impacting astronomical observations [50]. Water vapor
introduces atmospheric opacity, a measure of the atmospheric conditions affecting
observations, and directly correlates with meteorological factors such as column
density of the atmospheric constituents, precipitation, cloud cover, and humidity.
The atmospheric water content is the primary indicator of the effectiveness of
millimeter-wave observations, as it is directly associated with lower atmospheric
opacity [30]. The concept of precipitable water vapor (PWV) quantifies the

atmospheric water content more precisely and comparatively. The PWYV is the



amount of integral water vapor within a vertical column of air extending from the
Earth’s surface to the top of the atmosphere, typically expressed as the equivalent
height of liquid water in millimeters [19]. Water vapor density generally decreases
almost exponentially with altitude, so the highest PWV concentration is near the
sea level. According to Ross and Elliott [1%| approximately 90% of PWV resides
within the 500 mbar pressure level, underscoring the importance of elevation in

astronomical site selection.

The Chajnantor area in Chile, situated over 5000 meters above sea level, in the
Chilean Andes, and approximately 50 km east of San Pedro de Atacama, represents
one of the most prominent high-altitude sites for millimeter and submillimeter
astronomical observations. The amount of PWV at this altitude is much lower than
at sea level, so the impact on astronomical signals should be minor. Long-term
assessments of the PWV column in this region have consistently demonstrated
its extreme aridity, with a year-round median of 1 mm PWV [23]. Extensive
atmospheric studies ([13]; [15]; [22]; [23]; [53]; [70]) underscore the site’s suitability
for cutting-edge astronomical research. It accommodates key facilities such as the
Atacama Large Millimeter /submillimeter Array (ALMA) and serves as a candidate
location for forthcoming initiatives like the Leighton Chajnantor Telescope (LCT)
led by CePIA, Universidad de Concepcion.

Atmospheric water vapor is quantified using radiometers, which measure PWV
through the rotational spectral emission lines at 22 GHz and 183 GHz. Tipping
radiometers determine the sky brightness temperature by calibrating power data
obtained during skydip scans across different elevation angles. Subsequently, the
"tipping curves" are fitted to these sky temperatures, facilitating the determination
of the zenith atmospheric opacity. This parameter directly correlates with PWV,
as inferred from ground-based meteorological data, as shown by [15] and [22].
Additionally, atmospheric simulation tools based on radiative transfer models,
such as the Atmospheric Model (AM) [12] and the Atmospheric Transmission
at Microwaves (ATM) model [!13], simulate conditions at specified sites using
atmospheric models like MERRA-2 [20]. Validation of these models against
observations from diverse instruments enhances their accuracy, contributing to

more precise atmospheric characterizations.

The site of primary interest in this study is Owens Valley, California, home to
the Owens Valley Radio Observatory (OVRO). Situated at an altitude of 1,222



meters above sea level, this location was selected in 1950 for its flat terrain,
low radio frequency interference, and minimal wind conditions, ensuring the
mechanical stability of the observatory’s structure [20]. At the time, the influence
of tropospheric water vapor was not considered, as its impact on observations was
not fully understood [31]. Consequently, conducting atmospheric studies at this
site would make significant contributions to improving the quality of the data
collected by the various projects operating in this location.

The Carbon Monoxide Mapping Array Project (COMAP) operates at the
OVRO site and has recently published a series of articles focusing on the
validation of its technology and the methodologies implemented to achieve
its objectives. Its primary goal is to utilize carbon monoxide (CO) line
intensity mapping to trace the distribution and global properties of galaxies
throughout cosmic history, extending back to the Epoch of Reionization
(EoR) [19]. While these studies introduced the receiver and outlined scientific
objectives, atmospheric analysis was less emphasized, though Foss et al. [27]
noted that atmospheric contributions to data add 15-25 K. In this context,
Chapter 4 provides an in-depth atmospheric study for OVRO. It adopts a
methodology similar to that outlined in Cortés et al. [22], which employed
brightness temperature measurements from a tipping radiometer at 350 pm to
derive zenith atmospheric opacity for the Chajnantor region. Building upon
this approach, the study in this thesis calibrates power data from the COMAP
receiver, operating between 26-34 GHz, to determine zenith atmospheric opacity
specific to OVRO. The results are subsequently compared with AM model
simulations based on MERRA-2 atmospheric data, enabling an assessment of

the reliability of these models for evaluating potential astronomical observing sites.

Instrumental factors play a critical role in the quality of the signals received
by astronomical observatories such as ALMA and OVRO, and will be equally
important for upcoming projects like LCT and LLAMA. These systems generally
consist of a primary antenna that collects radiation and a receiver that converts
this signal into measurable digital counts, enabling analysis. Each receiving
system’s design is adapted to its scientific objectives, determining elements such
as the antenna size and receiver electronics. Before reaching the receiver, signals

from space interact with the atmosphere and pass through the receiving system,



with the receiver itself contributing a substantial amount of baseline noise due to
its electronic components. This baseline is characterized by a quantity called the
receiver temperature, measured in kelvin, which defines the receiver’s noise. A
lower receiver temperature is preferred, as it enhances the sensitivity required to
detect faint signals, such as the CO line at around 1 pK [25] [37] that COMAP
aims to observe. Receiver temperature can fluctuate over time, often as a result
of changes in the gain of active components, such as low-noise amplifiers (LNAs),
whose performance decreases as they heat up. Therefore, maintaining receiver
stability requires cryogenic cooling systems, periodic calibration with known
physical temperature loads, and constant checks to evaluate receiver performance
through figures of merit such as receiver temperature, system temperature,
sensitivity, aperture efficiency, and receiver stability by means of Allan variance.
In this context, the first research of Chapter 4 examines the COMAP receiver’s
performance, assessing these metrics.

The mentioned figures of merit are determined using calibration sources with known
temperatures, periodically presented to the receiver(s) during observations. This
process enables the comparison between sky power readings and the calibrators,
forming the basis for data calibration. The power data is subsequently converted
into antenna temperature and, consequently, into brightness temperature. This
concept, essential in radio astronomy, allows physical interpretation of the power
data for the targeted astronomical source. Brightness temperature represents the
radiation intensity emitted by an astronomical source, expressed on a temperature
scale in Kelvin. Notably, this value does not usually correspond to the physical
temperature unless an ideal blackbody is observed, a standard assumption for

calibration instruments.

The ALMA observatory, for instance, calibrates its data with two specially designed
loads developed by Thomas Keating Ltd., primarily composed of silicone and
epoxy resin layers |[78] (left panel of Figure 1). One load operates at ambient
temperature, while the other is maintained at 70°C. The ALMA team conducted
thorough testing with multiple materials and configurations before arriving at this
final design (|29];|7];|¢];]35]). The COMAP project uses two calibration sources as
well. One consists of RAM tiles at ambient temperature (right panel of Figure
1), while the other is the sky itself when looking at the zenith, allowing the

receiver to capture the contributions of cosmic microwave background (CMB), the



atmosphere and the spillover. From an industrial perspective, several reputable
companies manufacture calibration loads for scientific and military applications.
Notable examples include TK Instruments in the United Kingdom [6], Emmerson
& Cumming Anechoic Chambers in Belgium |5, Rutherford Appleton Laboratory
(RAL Space) in the United Kingdom [3|, and Zax Millimeter Wave Corporation
in the USA [1].

Cold Load

Figure 1: Examples of calibration loads currently used in certain observatories.
ALMA’s hot and cold calibration loads are shown on the left, implemented
atop the receiver cabin [!]. On the right is COMAP’s ambient-temperature
calibration load positioned over the primary reflector and together to receiver
[19].

Notably, each of these devices operates at a fixed temperature, either ambient or
elevated. This specificity establishes the foundation for further research detailed
in Chapter 5. The initial phase of this research was documented in author’s
undergraduate thesis [11], which encompassed two key aspects: (1) conceptual
design of a calibration load prototype, and (2) preliminary infrared testing
performed on this prototype. This doctoral work extends that foundational
research, emphasizing the design and fabrication of the calibration loads intended
for LLAMA. Furthermore, it provides an in-depth analysis of the radiometric
characterization of these blackbody sources, underscoring their critical role within

the telescope’s calibration system.
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1.1 Objectives

The primary objective of this thesis is to investigate calibration strategies
for millimeter and submillimeter observational instruments through the
implementation of power calibration techniques. This goal is addressed from two
perspectives: an instrumental approach focused on the Calibration Load Project
to establish precise calibration standards and an observational approach within
the framework of the COMAP Project, aiming to enhance both atmospheric and

instrumental calibration accuracy.

Calibration Loads Project

1. Develop and characterize three ultra-wideband calibration loads, three of
which will be dedicated to calibrating data from the LLAMA radio telescope.

1.1 Outline the requirements of the LLAMA Project.

1.2 Define the objectives of the Calibration Load Project.

1.3 Detail the thermo-mechanical development of the calibration loads.
1.4 Present and analyze infrared measurements of the calibration loads.
1.5 Present and evaluate radiometric measurements of the calibration loads.

1.6 Characterize the calibration loads by establishing the relationship

between their brightness temperature and physical temperature.

COMAP Project

1. Evaluate the performance of the COMAP receiver by examining critical
operational parameters, including receiver temperature, system temperature,

minimum detectable temperature, aperture efficiency, and Allan variance.

2. Validate the MERRA-2 atmospheric model database for radio astronomy

sites by comparing its predictions with COMAP radiometric measurements.

2.1 Extract precipitable water vapor value from MERRA-2 atmospheric
data for the OVRO site on a specific day.
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2.2 Derive the zenith atmospheric opacity across the COMAP frequency
range at the OVRO site using skydip power measurements and
atmospheric simulations based on MERRA-2 and the AM model.

2.3 Validate MERRA-2 data by comparing simulated and calculated zenith

atmospheric opacities.

2.4 Conduct a long-term atmospheric study of the OVRO site using

precipitable water vapor.
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Chapter 2

Radioastronomy Projects Involved

2.1 The COMAP Project

The CO Mapping Array Project (COMAP) is part of a program called "The First
Billion Years: A Technical Development Program for Spectral Line Observations"
under the Keck Institute for Space Studies. Kieran Cleary is the Principal
Investigator of COMAP and the Associate Director of the Owens Valley Radio
Observatory (OVRO) at Caltech. The COMAP Project aims to use carbon
monoxide (CO) line intensity mapping to trace the distribution and global
properties of galaxies across cosmic time, extending to the Epoch of Reionization
(EoR) [19]. The Project is divided into COMAP Pathfinder and COMAP-EoR.
The Pathfinder operates in the 26-34 GHz band, detecting CO(J=1-0) (rest frame
115 GHz) within a redshift range of z = 2.4-3.4, with a weaker contribution from
CO(J=2-1) (rest frame 230 GHz) at z = 6-8. In the future, COMAP-EoR’s
frequency coverage is expected to expand to 12-20 GHz to explore the CO(1-0)
line during the Epoch of Reionization.

Panel (a) of Figure 2.1.1 provides a general layout of the COMAP instrument,
highlighting key components. The receiver is a focal plane array of 19 single-
polarization feeds deployed on a 10.4 m Cassegrain telescope at OVRO, California,
USA. The first down-conversion stage shifts the RF band from 26-34 GHz to a
first intermediate frequency (1st IF) of 2-10 GHz. The second down-conversion
stage occurs within the telescope’s side cabin, where the 2-10 GHz band from each

feed is split into two 4 GHz-wide bands, each quadrature-converted to produce
an 1Q signal at a second IF of 0-2 GHz. Each IQ pair is fed into a “ROACH-2"
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FPGA-based spectrometer. Custom FPGA code on each ROACH-2 separates
upper sidebands (USB) and lower sidebands (LSB), resulting in four 2 GHz-wide
sidebands from each feed, each containing 1024 spectral channels with a spectral
resolution of ~ 2 MHz. To process the 8 GHz bandwidth from each of the 19
feeds, 38 ROACH-2 spectrometers are required. Spectra are recorded every 20 ms

and sent via Ethernet to a storage machine in a nearby control building [19].

Figure 2.1.1: Panel (a) shows the general layout of the COMAP instrument and
its key components. Panel (b) presents the array of 19-feed horns at the receiver’s
front-end. Panel (c) displays the feed horns layout from the receiver’s front view.
Panel (d) illustrates the calibration system, with a circular white load on the left
and the receiver on the right, mounted on the primary collector. Credits: [19], [31].

Panel (b) presents the 19-feed horns forming the hexagonal array of the COMAP
receiver. Below the horns is the DCM1 module, mounted at the secondary focus,
shown as the front-end in panel (a). Each of these horns captures the left-handed
circular polarization of the signal in the Pathfinder frequency range, between 26
and 34 GHz. Panel (c) displays a diagram of the array viewed from the front of
the receiver. The central number helps identify the feeds throughout the data
processing up to the final maps, which are referred to as pixels. The central
number helps identify the elements throughout the data processing up to the
final maps, where these are referred to as pixels. Each has a diameter of 64 mm,
and the distance between centers is 65 mm. This diagram is crucial, as it will
serve as a reference in the COMAP data analysis, where the procedure for some
pixels, such as pixel 1, will be illustrated. The left side of panel (d) shows a
microwave-absorbing material, painted white at ambient temperature, used as a
Vane calibrator, placed over the cryostat, which is mounted on the DCM1 module,
shown on the right side of the panel.

It is essential to understand the general data processing workflow to contextualize
the level at which the COMAP data will be analyzed. This process begins with
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Level 1 data, which consists of raw instrument recordings, including pointing
and maintenance information. The main processing step generates calibrated and
refined data stored as Level 2. From there, a list of observations is curated based
on statistical criteria and subsequently transformed into sky temperature maps for
each frequency channel through mapmaking techniques. These maps ultimately
enable the estimation of the CO power spectrum. This study focuses on Level
1 data, specifically working with COMAP’s raw data files. These files, formatted
in HDF5, are organized into the following groups:

1.- Spectrometer: Contains raw power data recorded as digital counts across
1024 spectral channels for the 19 array pixels in four bands, along with timestamps
in MJD format. It also includes azimuth and elevation position coordinates for
the pixels. The bands are divided into A and B, each further split into LSB and
USB, covering specific frequency ranges: A:LSB (26-28 GHz), A:USB (28-30 GHz),
B:LSB (30-32 GHz), and B:USB (32-34 GHz), thereby encompassing the entire
COMAP frequency range.

2.- Housekeeping: Stores system control records corresponding to the observation
period. This group includes the VANE subgroup, which provides calibration source
data, such as the temperature and position of the load during scans. It also contains
the Weather subgroup, which provides atmospheric data, including barometric
pressure in millibars, relevant for this study.

3.- Pointing: Includes boresight orientation data, which pertains to the array as
a whole rather than individual pixels.

This detailed framework establishes a structured and precise approach to analyzing
raw data, forming the foundation for the objectives of this research.

This project is essential for the development of the Chapter titled "Radiometric
and Atmospheric Study for OVRO at COMAP frequencies" (Chapter 4), as it
enables the assessment of the COMAP receiver performance. Additionally, a

second section presents an atmospheric study of the site, supporting the validation
of the MERRA-2 atmospheric database.
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2.2 The LLAMA Project

The Large Latin American Millimeter Array (LLAMA) project represents a
scientific and technological collaboration between Argentina and Brazil to establish
a radio observatory in Alto Chorillos, northwest Argentina. Located at an altitude
of 4820 meters above sea level, the site is approximately 16 kilometers from San

Antonio de los Cobres and 180 kilometers southeast of ALMA, as shown in Figure
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Figure 2.2.1: Geographic location of the LLAMA instrument
on the map

The LLAMA telescope, constructed by Vertex Antennen Technik GmbH, consists
of a 12-meter diameter Cassegrain antenna with a surface accuracy of 15 microns
and a pointing accuracy of ~2 arcseconds. Equipped with two Nasmyth cabins in
addition to the Cassegrain cabin, LLAMA will utilize receivers similar to those
used in ALMA, operating across the 35-950 GHz frequency range. While initially
functioning as an independent facility, it is expected to join a Very Long Baseline

Interferometry (VLBI) network in Latin America in the future.

LLAMA’s scientific objectives encompass a wide range of topics, including: 1) The
molecular composition and evolution of the Universe; 2) Black holes, accretion
disks, and relativistic jets; 3) Star formation and its evolution across cosmic scales;
4) Structure of the Milky Way; 5) Solar studies; 6) Planetary atmospheres; 7)
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Extragalactic astronomy

Currently, LLAMA has installed its containers on-site and assembled the 12-meter
Vertex antenna, as shown in the upper panel of Figure 2.2.2. The lower left panel
of Figure 2.2.2 shows the Cassegrain Support Structure (CASS), one of the main
components of the Nasmyth Cabin Optical System (NACOS), manufactured by
the ALFA company in Araraquara, Sao Paulo.

LLAMA Site -

Figure 2.2.2: A view of the current LLAMA site is shown in the
top panel, highlighting the Vertex antenna already positioned on
site. In the bottom left panel, the Cassegrain Support Structure
(CASS) is depicted, while the right panel presents the robotic arm
that will hold the three calibration loads developed and reported in
this thesis [2].

NACOS is an optoelectro-mechanical system that channels incident light into the

Nasmyth focus cabins, directing radiation toward the specific receiver [17]. In the
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upper section, robotic arms will be installed, as shown in the right panel of Figure
2.2.2, to support the calibration loads developed by CePIA.

The development of LLAMA is integral to Chapter titled "Development of Ultra-
Broadband Calibration Loads for the LLAMA Radio Telescope" (Chapter 5),

highlighting the importance of calibration systems tailored for this observatory.
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Chapter 3
Background in Radio Astronomy

This chapter presents the theoretical and scientific foundations necessary to
understand the research developments discussed in Chapters 4 and 5 of this
thesis. It begins by examining the theoretical basis of the signal originating in
space and its interaction with the medium before detection by a radio telescope.
Subsequently, the chapter explores the theoretical interaction between the signal
and the receiving instrument, along with the instrument’s own behavior. It also
addresses atmospheric water vapor, one of the primary contaminants affecting
the target signal, describing methods for measuring this interference from an

instrumental perspective and through modeling techniques.

3.1 Specific Intensity and Spectral Flux

In the study of astronomical sources, astronomers measure the intensity of radiation
as a function of sky direction (through mapping), frequency (via spectroscopy), and
additional variables like time and polarization. Two main concepts are essential
for quantifying this intensity: brightness and flux. Both describe the radiation

emitted by a source but differ in their characterization.

Spectral brightness, [,,, or spectral intensity, quantifies the energy per unit of
projected area, per unit of time, per unit of frequency, and per unit of solid angle
arriving from a specific direction. Figure 3.1 illustrates this concept: if a detector
on Earth with area do detects energy dF from an astronomical source within

a solid angle df), the energy passing through a projected area (determined by
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angle 6 between the zenith, the detector, and the source) over time interval dt

and bandwidth dv is expressed as:
dE =1, - cos Ododddtdy (3.1.1)

The energy flux per unit time defines power dP in watts as:

dP = Cil_f =1, - cos OdodQddv (3.1.2)

Detector

Figure 3.1.1: Specific intensity from an astronomical source
of area df) measured by a detector with area do whose normal
forms an angle # with respect to the line of sight (Image credit:
Condon and Ransom [21]).

Brightness is formally defined as the intensity of radiation per unit of projected area,

per unit of solid angle, and per unit of frequency, measured in Wm2Hz"1sr—1!.

It can be expressed as:

I dP
Y cosOdodrdQ

Specific intensity has two important properties: (1) brightness remains

(3.1.3)

independent of the distance to the source, as radiation observed per unit area and
solid angle stays constant regardless of distance, and (2) brightness can represent
both energy flowing from the source and energy directed towards the detector.

Consequently, in Figure 3.1, the physics holds even if the positions of the detector
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and source are reversed.

Upon establishing spectral intensity, the concept of flux density can be introduced.
Whereas brightness specifies energy arriving from a source per unit area and solid
angle, flux density measures the total energy received over an area, irrespective of
source direction or angular size. In the case of an astronomical source observed
by a terrestrial telescope, the measurement encompasses not only the radiation
intensity from a particular direction but also the entire energy flux over the
detector’s area. This flux varies with the distance between the source and the
observer: as distance increases, energy disperses, lowering detected flux.

Formally, flux density, or spectral flux, is defined as the total energy arriving at a
detector per unit area and time, integrated across all possible directions from the

source. Thus, spectral flux density S, at a frequency v is given by:
S, = / I1,(0,9) - cos 0dS2 (3.1.4)
o

where S, is measured in Wm™2Hz~!. Spectral flux density is often expressed
in Janskys (Jy), with 1 Jy = 10726Wm=2Hz~1. Typically, in astronomical cases,
the source’s angular size is < 1 radian, making cos @ ~ 1 and simplifying spectral

flux density calculation.

This information was investigated from Condon and Ransom [ 1] and Burke et al.

[17].

3.2 Radiative Transfer: Absorption and Emission

In free space, the specific intensity I, of radiation remains constant along a ray:

dl,
ds

0 (3.2.1)

where s represents the coordinate along the ray from the source to the detector.
However, when a medium is present between positions s;, and s, radiation
undergoes changes through absorption and emission due to interactions with
particles within the medium.

The fraction of specific intensity lost due to absorption over an infinitesimal
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distance ds along the ray is expressed as:

drl,
I,

= —kKds (3.2.2)

where x is the linear absorption coefficient, with units of inverse length, m=!.

This coefficient derives from a probabilistic model, where radiation is treated as
photons moving through a medium, some of which are absorbed by its particles.
Considering absorption across an incremental distance ds that a photon is absorbed
over ds is given by dP = kds, where k denotes the medium’s absorption capacity
per unit distance. If k is large, the medium quickly reduces radiation intensity;
conversely, a small xk suggests transparency, allowing radiation to propagate with
minimal energy loss.

Integrating both sides of the previous Equation 3.2 along the absorbing path

yields the output-specific intensity as a fraction of the input-specific intensity:

where,

T

—/ m/i(sl)ds' (3.2.4)

is the optical depth or opacity of the absorber medium. Inverting the integration

direction along the line of sight ensures 7 > 0 and increases when observing deeper
into an absorbing object. If 7 < 1, the medium is optically thin; if 7 > 1, it is
optically thick.

The intervening medium can also emit photons. While absorption reduces intensity
due to particle interaction, emission enhances it by generating photons that add to
the radiation beam. The emission within a medium is described by the emission
coefficient j,,, representing the amount of radiation emitted per unit volume (dsdo),
frequency (v), and solid angle (d?). Generally, the emission is isotropic, meaning
radiation disperses equally in all directions from an infinitesimal volume. This

process, combined with absorption, leads to the radiative transfer equation:

dI,
ds

= —kl, + 7, (3.2.5)

accounting for intensity loss due to absorption, x/,, and gain due to emission, j,.
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In thermodynamic equilibrium (TE), where di,/ds = 0, a relationship exists
between absorption and emission, reflecting their interdependence, as shown by
Kirchhoft’s law:

= B,(T) (3.2.6)

where B, (T ) is the blackbody radiation at temperature 71" given by the Planck
function (Section 3.3). This law links the properties of the medium to the
equilibrium radiation, allowing one coefficient to be determined if the other is
known. Furthermore, Kirchhoft’s law is also applicable under local thermodynamic
equilibrium (LTE).

3.2.1 Modeling Atmospheric Effects on Radio Observations

In the context of radio astronomy, understanding the absorption and emission
of radio waves in the Earth’s atmosphere is essential, particularly regarding how
atmospheric opacity impacts radio observations. Above 1 GHz, atmospheric
absorption notably affects the accuracy of flux density measurements, while
atmospheric emission contributes additional signal plus noise that interferes with
data collection.

The primary approach for analyzing the atmosphere in radio astronomy involves
atmospheric opacity. The relationship between the observed spectral brightness
B, and the brightness temperature 7Tj, is critical. According to the Rayleigh-
Jeans approximation, I, = B, holds when T}, = T" where T" denotes the physical
temperature of the source. Consequently, spectral brightness is proportional to

brightness temperature, described by the equation:

L
- 2kp?

T, (3.2.7)

Here, k& = 1.380649 - 10~%* J/K is Boltzmann’s constant and ¢ = 3 - 10® m/s
represents the speed of light. This relationship indicates that Tj, varies with
frequency, demonstrating that brightness temperature is a convenient measure for
describing radiation power in thermal terms. This approach is particularly useful
since radio telescopes are often calibrated using absorbers or "loads" of known
temperature. It is important to clarify that brightness temperature does not
directly correspond to physical temperature. Thermal sources generally exhibit

brightness temperatures lower than their physical temperatures when they are
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semi-transparent (e.g., the atmosphere) or partially reflective (e.g., the Moon).
Even true blackbody radiators achieve T, = T only in the low-frequency limit
hv ~ kT.

Modeling the effects of emission and absorption incorporates several assumptions
into the radiative transfer equation. Four key factors are acknowledged: 1) the
Earth’s atmosphere is approximately isothermal, 2) Kirchhoff’s law holds in local
thermodynamic equilibrium (LTE) as j, = kB, (Tutm), where Ty, is the kinetic
temperature of the atmosphere measured by a standard thermometer, 3) the
Rayleigh-Jeans approximation for B,(Ty,), and 4) the path length through a
plane-parallel atmosphere is proportional to the zenith angle z. By applying these
assumptions to the radiative transfer equation, the brightness temperature of

atmospheric emission as a function of zenith angle can be expressed as:
Ty = Tum [1 — e 7 53)] (3.2.8)

In this equation, 7(z) denotes zenith opacity, while sec(z) accounts for the
increased path length through the atmosphere at varying zenith angles. This
formulation models how brightness temperature changes with the zenith angle z,
providing a basis for estimating atmospheric opacity. In practical applications,
radio astronomers determine the zenith opacity by fitting the observed brightness
temperature data to Equation 3.2.8. This procedure enables the correction of flux
density measurements to account for atmospheric absorption. Moreover, Equation
3.2.8 not only aids in calculating opacity but also establishes a direct connection
between brightness temperature measurements and the thermodynamic properties

of the atmosphere.

3.2.2 Kirchhoff Law for Opaque Bodies

In the study of radiation and its interaction with matter, understanding the
characteristics of opaque bodies is fundamental. A body is defined as opaque
when its opacity is sufficiently high to prevent photons from penetrating it.
Consequently, upon the incidence of electromagnetic radiation, an opaque body
can only absorb or reflect photons, without transmitting them. This behavior is
critical in radio astronomy, where the interaction of radiation with various media

influences observations.



20 3.2. Radiative Transfer: Absorption and Emission

For an opaque body, two fundamental coefficients are defined: 1) the absorption
coefficient, a(v) representing the probability that a photon of frequency v is
absorbed by the body, and 2) the reflection coefficient r(v), indicating the
probability that the photon is reflected. Given that each photon can either

be absorbed or reflected, the fundamental relationship is established:
a(v)+rv)=1 (3.2.9)

This implies that an ideal black body, which absorbs all incident radiation, has
a(v) =1 and thus r(v) = 0.
The emission coefficient e(v) is defined as the ratio of the spectral power emitted
per unit area at frequency v compared to the power of a black body at the same
temperature. This coefficient is interconnected with the absorption and reflection
coefficients. In a local thermodynamic equilibrium (LTE) system, Kirchhoff
established that:

e(v)=a(v) =1—-r(v) (3.2.10)

This constitutes Kirchhoff’s law for opaque bodies, indicating that in
thermodynamic equilibrium, the amount of radiation emitted by a body is
proportional to its absorption coefficient a(rv). Essentially, the emission coefficient
describes the efficiency with which a body emits radiation at a specific frequency.
Physically, e(r) compares the actual amount of radiation emitted by the object
with the amount expected if it were a black body. Under thermal equilibrium
conditions, the opaque body’s spectral power absorbed equals the power it emits.

Thus, the brightness temperature T(r) of an opaque body in LTE is expressed as:
Twv)=aw) T=(1-r) T (3.2.11)

This equation emphasizes that, since a < 1, the brightness temperature will never
exceed the physical temperature of the body, T'. Notably, if a(v) =1 then T, = T,

which is a characteristic of a perfect black body.

This information was investigated from Condon and Ransom [21], Wilson et al.
[50] and Burke et al. [17].
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3.3 Blackbody Radiation

A black body is an ideal object that absorbs all incident electromagnetic
radiation without reflecting or transmitting any, thereby acting as a perfect
emitter of radiation across all frequencies. According to Kirchhoff’s law, the
amount of radiation emitted by a black body depends solely on its temperature,
independent of its composition. The concept of black body radiation is essential
for understanding how thermal energy is emitted and distributed across different
frequencies. This emission is quantitatively described by the Rayleigh-Jeans Law,
Planck’s Law, and Wien’s Displacement Law, which will be discussed in the

following sections.
Aproximaciéon de Rayleigh-Jeans

Before the development of quantum mechanics, physicists sought to describe black
body radiation using classical physics. One such approximation was developed
by Lord Rayleigh and Sir James Jeans in the early twentieth century, known as
the Rayleigh-Jeans approximation. The Rayleigh-Jeans Law arises from applying
classical physics principles to the problem of electromagnetic radiation emitted
by a black body. According to this approximation, the spectral intensity of black
body radiation at low frequencies is proportional to the square of the frequency
and temperature. The Rayleigh-Jeans formula for black body radiation in the
radio region is: ,

B,(r) = 0 2
where k& = 1.380649 - 1072* J/K is Boltzmann’s constant, T is the source
temperature, v is the frequency, ) is the wavelength, and ¢ = 3-10% m/s represents

the speed of light.

(3.3.1)

Equation 3.3.1 allows for the calculation of the flux density S, of a discrete radio
source with temperature T' subtending a solid angle (2g. In the Rayleigh-Jeans

limit, integrating over the solid angle of the source gives:

S,(T) = i—lj /Q (8, 6)d (3.3.2)

If the brightness temperature of the source is uniform across (g, the integral
st T(0,¢)dY = TQg. It is important to emphasize that Equation 3.3.1 performs
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well at low frequencies, predicting that the emitted radiation increases quadratically
with frequency. However, this formula fails as frequencies increase, predicting
an indefinite rise in spectral intensity. This failure is termed the "ultraviolet

catastrophe,"

as classical theory predicts that a black body would emit infinite
energy at high frequencies, which is physically impossible.
The issue with the Rayleigh-Jeans approximation was resolved when Max Planck

formulated his Radiation Law in 1900, introducing the concept of quantized energy.
Planck’s Radiation Law

To address the shortcomings of classical theories in describing black body radiation,
such as the failure of the Rayleigh-Jeans approximation at high frequencies,
German physicist Max Planck proposed a solution absent from classical physics:
energy quantization. Planck’s Law describes how the intensity of radiation emitted
by a black body (i.e., the amount of energy emitted per unit area, per unit solid
angle, per unit frequency) varies with frequency at a given temperature, expressed

as:
2hv3 1

c? hv ]
“P\&kT

where h = 6.6260 - 1073* Js is the Planck constant, £ = 1.3806 - 10~% J/K is

Boltzmann’s constant, T" is the source temperature, v is the frequency, A is the

B,(T) = (3.3.3)

wavelength, and ¢ = 3 - 10® m/s represents the speed of light. The quantum term
eM/kT' _ 1 corrects the divergence at high frequencies. Consequently, this law
accurately describes black body radiation across the entire range of frequencies
and temperatures. Figure 3.3.1 illustrates Planck’s spectrum for black bodies at
different temperatures, represented by each curve. As the temperature of the
black body increases, the shape of the curve changes; the wavelengths at which
radiation is most intense shift toward shorter wavelengths, and the height of the
curves also increases, indicating that the black body emits more radiation at
higher temperatures. Note that at 0 K, the black body does not emit radiation.
It is important to highlight that Planck’s Law represents a fundamental shift
in the understanding of thermal radiation due to the formulation that energy is
quantized in discrete packets called quanta, implying that energy is emitted or

absorbed in discrete units of hrv, marking the birth of quantum mechanics.
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Figure 3.3.1: The Planck spectrum for black bodies
at different temperatures is shown. Each curve
corresponds to a different temperature; as the black body’s
temperature increases, the curve’s shape changes, shifting
leftward and increasing in intensity (Credit:Wilson et al.

[50])-

Wien’s Displacement Law

Wien’s Law was proposed by Wilhelm Wien in 1893, based on principles of
thermodynamics and classical electromagnetic theory, prior to the emergence
of quantum radiation theory. Later, Wien’s Law was theoretically justified by
Planck’s Law for high frequencies. This law describes how the wavelength at
which a black body emits maximum energy shifts with changing temperature. By
maximizing the spectral density with respect to wavelength in Equation 3.3.3,

Wien’s Displacement Law is mathematically expressed as:
Amazl =0 (3.3.4)

where A4, is the wavelength at which the black body emits the greatest amount
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of energy (the peak of the radiation spectrum). 7" is the absolute temperature of
the body in kelvins (K), and b is Wien’s displacement constant, approximately 0.29
cm K. Equation 3.3 indicates that at higher temperatures, the black body emits
more radiation, causing the peak emission to move toward shorter wavelengths, as
depicted in Figure 3.3.1. This signifies that hot bodies (such as stars) emit more
radiation in shorter wavelength ranges, including visible light and even ultraviolet

radiation.

This information was investigated from Condon and Ransom [21] and Wilson et al.

[50].

3.4 Johnson Noise and Nyquist Approximation

Johnson noise, also known as thermal noise, arises from the thermal agitation
of electrons within a resistor. When a resistor is at a temperature above 0 K,
the random movement of electrons generates current fluctuations, producing
inherent electrical noise. This phenomenon, discovered by John B. Johnson in
1926, depends solely on temperature and the resistor’s electrical resistance, making
it independent of the material itself.

Harry Nyquist extended Johnson’s work by deriving an expression that directly
relates the noise power to temperature and other system parameters. Johnson
noise can be understood as adhering to the equipartition theorem, which also
underlies the Rayleigh-Jeans law for blackbody radiation at low frequencies. The
average thermal energy of a frequency mode in the system is proportional to the

temperature, meaning that noise increases linearly with temperature.

The Nyquist approximation states that the noise power generated by a resistor in

thermal equilibrium can be expressed as:
P,=kT (3.4.1)

where P, is the noise power per unit frequency, k& = 1.3806 - 10723 J/K is
Boltzmann’s constant, and 7T is the resistor’s temperature. This relation holds for
low frequencies, where the Rayleigh-Jeans law accurately describes the system’s
behavior. Additionally, thermal noise has a flat spectrum, with constant power

density across all frequencies.
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3.5 Antenna Response

Antennas are passive devices that interact with electromagnetic waves, either
converting them into electrical signals or radiating energy in a waveform. In
applications such as radio astronomy, where very weak signals from astronomical
sources are detected, thermal noise plays a crucial role, as antennas capture both
the source radiation and background noise generated by the environment. This
behavior can be modeled using principles akin to Johnson noise in resistors, where
an antenna surrounded by thermal radiation acts as if it is "heated" by this
radiation, generating a noise signal proportional to the surrounding temperature.
Thus, the antenna temperature (74) characterizes the thermal noise power received
and is measured in Kelvin, facilitating comparison with receiver-generated noise.
Although the term might suggest a relation to the antenna’s physical temperature,
it actually represents an equivalent noise power that would be received by an ideal
resistor at the same temperature. The relation between antenna temperature and

power per unit frequency is expressed as:

Ty=" (3.5.1)

where P, is the power per unit frequency and k = 1.3806-10~2® J/K is Boltzmann’s
constant. This expression aligns with the Nyquist approximation (Equation 3.4)
previously introduced.

In radio astronomy, antenna temperature is a convenient way to describe the
captured signal, as it is calibrated in Kelvin units, which simplifies comparison
with receiver noise. Moreover, using temperature rather than power in watts
is more practical, as 1 Kelvin of antenna temperature corresponds to a small
amount of power per unit bandwidth. This approach enables the performance of
an antenna to be expressed independently of its physical shape, which is useful
when comparing antenna systems with different configurations.

In addition to temperature, another key concept in assessing antenna performance
is its effective area (A.), which describes how much electromagnetic radiation it
can capture from a distant source. When oriented toward a radiation source, the
power received depends not only on the antenna temperature but also on the
antenna’s geometry and efficiency. The total power received per unit frequency,

P,, is related to the flux density S, of an unpolarized source and the effective



26 3.5. Antenna Response

area of the antenna by:
AcSy
P, = 5 (3.5.2)

This expression is useful for point sources of radiation, such as stars or galaxies,

where the power captured is proportional to the product of the antenna’s effective
area and the source’s radiation. Applying this concept to Equation 3.5.1, the
antenna temperature for a point source relates to the effective area and flux density

by:
AS,

2k

This equation is valid when the source has a small brightness distribution compared

Ty =

(3.5.3)

to the antenna beam, and A, represents the antenna’s effective area in the direction

of the source.

For more complex sources or those with an extended distribution across the sky,
the relationship between captured power and radiation must include considerations
of the antenna’s radiation pattern and how it interacts with the source’s brightness
distribution.

For an antenna receiving radiation from an extended source, the total power per
unit frequency (P,) is expressed as an integral over the total solid angle, where the
antenna’s effective area (A.(6, ¢)) and the incident radiation intensity (1,(6, ¢))

vary as a function of direction:

1

P=3 /4 A0, )10, 6)d0 (3.5.4)

This integral accounts for all directions in the sky, weighting the received power
by the antenna’s spatial response. Expressing this power (Equation 3.5) n terms of
antenna temperature 7'y and using the Nyquist approximation in Equation 3.5.1,
the thermal power received can be related to the source brightness temperature
using Equation 3.3.1. A general relationship between antenna temperature and

brightness temperature is given by:

1

Ty = —
4 /\2 47

Ae(ea ¢)Tb(97¢)dQ (355>
The antenna temperature also varies according to the type of source detected. For
an extended source where the radiation does not concentrate at a single point, the

antenna must account for the spatial variation of brightness over the entire solid
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angle. For instance, the cosmic microwave background spans the antenna’s full
field of view, making the antenna temperature equal to the source’s brightness
temperature, which is the equivalent blackbody temperature that would emit the

same power per unit area, frequency, and solid angle:
Ty =T, (3.5.6)

For compact sources that occupy only a fraction of the antenna’s solid angle, the

antenna temperature is:

Q
Q4

This relationship shows that the antenna temperature is proportional to the

Th =1,

(3.5.7)

source’s brightness temperature and the portion of the beam that the source

occupies.

This information was investigated from Condon and Ransom [21], Wilson et al.
[56] and O’Neil [10]

3.6 Radiometers and Noise Detection

Radiometers are highly sensitive instruments designed to measure noise power
from radio waves, including emissions from the cosmic microwave background
(CMB), astronomical objects, and terrestrial sources like the atmosphere. This
broadband, random noise is challenging to distinguish from the thermal noise
generated by the receiver electronics. To measure this random noise, radiometers

average the power of the incoming noise signal over time.

The detection process begins with voltage fluctuations in the noise signal, which
follow a Gaussian distribution with a zero mean, typical of thermal noise. These
voltage fluctuations occur on extremely short time scales, usually in the nanosecond
range, due to the inverse relationship with bandwidth Av. A radiometer uses a
square-law detector to square the incoming noise voltage signal, converting the
voltage fluctuations to noise power. This step is essential, as power is always
positive, enabling accurate measurement of the average noise power over time,

which remains stationary on longer time scales (seconds to hours).
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3.6.1 Nyquist-Shannon Theorem

The noise voltage exhibits a Gaussian distribution with a zero mean. The Nyquist-
Shannon sampling theorem provides a framework for effective noise measurement.
According to the theorem, any signal with finite bandwidth Ar and duration 7
can be represented by N = 2Av7 independent samples, which must be taken at
intervals of (2v)~!. Increasing the number of samples N reduces the uncertainty

in measuring the average noise power, expressed as:

I
VN/2 VAT

(3.6.1)

Thus, increasing the bandwidth Av or the integration time 7 reduces measurement
uncertainty, which is crucial for detecting weak radio sources that only marginally

increase the total noise power.

3.6.2 Radiation Sources Captured by a Radio Telescope

Radiation detected by a radio telescope originates from multiple sources, not solely
from the observed astronomical object. Several noise sources contribute to the
system noise temperature T,,, a crucial parameter in radiometer observations.
This parameter defines the equivalent temperature of the total noise power from
all sources at the input of a radiometer connected to a radio telescope’s output.
Contributions include:

Tsys = TRy + Tant

(3.6.2)
= TRm + Tcmb + Tppm + Tsom’ce + Tspill + ...

where Tg, is the receiver noise temperature associated with noise from the
radiometer itself. All radiometers generate noise, and each can be represented by
an equivalent circuit consisting of a noiseless radiometer with an input connected
to a resistor at temperature Tx,. Reducing radiometer noise often involves cooling
the radiometer to cryogenic temperatures. T4, is the antenna temperature, which
includes T,,,, ~ 2.73 K, the temperature of the cosmic microwave background
(CMB); Tsource, the emission from the observed astronomical source, typically
Tsource < Tsys; Tatm, the atmospheric noise known as atmospheric emission
brightness within the telescope beam, previously derived in Section 3.2.1, Equation

3.2.8; and Ty, representing noise from the antenna’s surroundings, such as ground
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or foliage, mainly captured by the antenna radiation pattern side lobes.
Studying, characterizing, and minimizing these noise sources is essential for
enhancing radio telescope sensitivity and enabling the detection of faint

astronomical signals.

This information was investigated from Wilson et al. [56], O’Neil [10] and

Perepelitsa |11]

3.7 Ideal Radiometer Equation

The ideal radiometer equation describes the system’s sensitivity and its ability to
detect faint signals, linking key parameters such as bandwidth Av, integration
time 7, and system noise temperature Ty,,. In a simple total-power radiometer,
the goal is to measure the average power across a defined radio frequency range.
This power results from thermal noise fluctuations and observed signals within
the frequency band, with a receiver covering from vgr — Av/2 to vgr + Av/2,

where vgrp represents the central frequency.

This type of radiometer comprises four main stages: 1) a bandpass filter, which
selects only the noise within the desired frequency range, excluding out-of-band
signals; 2) a square-law detector that squares the input voltage, transforming
it into noise power proportional to the square of the voltage; 3) an integrator
or averager, smoothing the detector’s output to reduce rapid fluctuations; and
4) a voltage meter, recording the smoothed output proportional to the average
noise power. After passing through the filter, the noise voltage is confined to the
bandwidth. This setup allows the radiometer to integrate noise samples, and by
applying the radiometer equation, the minimum detectable temperature change
of the system or (or AT,,;,) can be determined as follows:

or = oy (3.7.1)

AvT

where Ty, represents the system noise temperature, Av the bandwidth, and 7
the integration time. This result is fundamental because it shows that radiometer
sensitivity improves with increased bandwidth and integration time. A wider
bandwidth captures more noise within the frequency range, raising the number of

independent noise samples (N = 2Av7). At the same time, extended integration
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time reduces fluctuations in the average power measurement, enhancing accuracy
and allowing for the detection of very weak signals.

The radiometer equation provides a solid foundation for calculating these
instruments’ theoretical sensitivity and estimating the minimum detectable noise.
However, actual sensitivity is affected by gain variations and atmospheric emission

fluctuations.

3.8 Gain Fluctuations in Radiometers

Although the ideal radiometer equation suggests that observation sensitivity
indefinitely improves with longer integration times (7'/2), various practical
factors limit this enhancement. One of the primary challenges in operating
real radiometers is receiver gain fluctuations, which introduce systematic errors in

measurements.

Radiometers contain amplifiers to elevate the weak input signals (P, = kAvTy,)
to manageable levels (within the mW range). The total gain G of these amplifiers
is crucial, as the radiometer’s output signal is proportional to the input power
multiplied by the gain (P, = kAvTy,G). When gain is not stable, gain
fluctuations AG/G generate spurious signals indistinguishable from thermal noise
fluctuations, thus degrading measurement accuracy. The noise temperature

associated with a gain fluctuation can be modeled as:

oG = Tsys (%) (381>

where Ty,s represents the total system noise temperature, and AG/G indicates
the fractional gain variation. Since gain fluctuations and thermal noise are
independent random processes, the variances of both contributions add up, yielding

0% =02, + 04. The total variance in the radiometer’s output is then expressed

1, (ac ’
AvTt G

This result demonstrates that, despite increasing bandwidth or integration time,

as:
1/2

(3.8.2)

or = Tsys

gain fluctuations will limit sensitivity unless the gain fluctuation fraction meets
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the condition:
AG < 1
G Avt

To preserve sensitivity, gain fluctuations within timescales up to several seconds

(3.8.3)

must remain minimal. Achieving this is challenging, as gain fluctuations generally
exhibit a 1/f power spectrum, meaning they increase over longer integration
times. This phenomenon implies that radiometer output fluctuations intensify as

T extends.

3.9 Gain Stability

3.9.1 1/f Noise

Gain stability in radiometer systems is essential for achieving accurate
measurements, yet it is affected by 1/f noise. Also known as flicker or low-
frequency noise, 1/f noise describes a gain fluctuation that becomes increasingly
significant over longer timescales. Unlike white noise, which has a flat frequency
distribution, 1/f noise increases as frequency decreases, presenting a challenge for

long-duration integrations in radiometers.

This type of noise can limit a radio telescope’s ability to detect faint signals.
While increased integration time reduces noise uncertainty (as prescribed by the
ideal radiometer equation), gain fluctuations due to 1/f noise tend to increase
the measurement variance. Consequently, the knee frequency, or 1/ frnee (fx), 1S
defined as the point in the frequency spectrum where 1/ f noise begins to dominate
over white noise. For integrations exceeding 1/27 f;, gain fluctuations increase,

thus affecting sensitivity.

3.9.2 Allan Variance

Allan variance (or modified two-sample variance) is a statistical tool that assesses
signal stability over time, aiding in detecting 1/f noise behavior. Unlike standard
variance, which grows with longer integrations, Allan variance calculates the
average deviation between consecutive pairs of measurements at specified time
intervals. This method evaluates how fluctuations change as observation time
extends and is especially effective for analyzing system stability in the presence

of 1/f noise, as it reveals when the system becomes dominated by low-frequency
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fluctuations. Mathematically, the Allan variance for an integration time 7 is
defined as:

N-1

o5i(7) = m Z(yi—i-l —yi)? (3.9.1)

i=1
where y; represents the average gain in the i-th time interval 7. As 7 increases,

one can observe if noise decreases (indicating stability) or begins to rise due to
1/ f noise.

In radiometers, maintaining low levels of 1/f gain noise and evaluating gain
stability through Allan variance are essential for maximizing sensitivity. If the
knee frequency is low and the Allan variance starts to increase at longer intervals,

this indicates that 1/f noise is adversely impacting measurements.

The information was studied from Wilson et al. [70], Krauss [33], Ossenkopf, V.
[11] and Mittaz [39].

3.10 Aperture Efficiency

The aperture efficiency 14 quantifies how effectively an antenna or radio telescope
transforms the energy from an electromagnetic wave incident on its surface into a
usable signal. This efficiency depends on various factors: (1) surface irregularities
in the dish may reduce efficiency by deflecting part of the signal, (2) misalignment
between the dish and receiver can cause signal loss or dispersion, and (3) supporting
structures (such as the receiver mount) may obstruct portions of the incoming

signal.

Aperture efficiency is defined as the ratio between the effective aperture of the

antenna A, and the geometric aperture Ag:
A

= — 3.10.1

=g ( )

where A, = wD?/4 for a circular aperture with diameter D. Considering an

antenna that receives a power per unit frequency P, when observing a randomly

polarized radio source with an effective flux density S, over an effective area A,

the power is given by Equation 3.5.2 presented earlier. Conversely, for an ideal

scenario where flux density is captured by the antenna’s geometric area A,, the
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power per unit frequency P, is:

(3.10.2)

The difference between the power values in Equations 3.5.2 and 3.10.2 indicates
that the received power using the effective aperture P, is lower than the incident
power P, associated with the geometric aperture, meaning that A, is always less
than A,.

The factor n4 is a dimensionless parameter between 0 and 1.0, measuring the
fraction of incoming power that is effectively captured by the physical aperture.
In a perfectly efficient antenna, all radio power falling within its physical aperture
would convert to electrical energy delivered to the connected output load, resulting
in A. = A, and an aperture efficiency of 1.0. This ideal scenario does not hold in
practice; all antennas incur losses such as power dissipation as heat in the resistive
elements, reflector spillover, and errors due to surface roughness, among other

factors.

In practical astronomical data analysis, studying aperture efficiency involves
measuring the detected power increase when the telescope points toward a known
point-source flux, such as Jupiter. As indicated in Woody [57], calculating na
requires knowledge of the antenna temperature (T4, ), sensitivity (o), and the
flux of a source (S)):

TLant * Oideal

= - .1 .
= (3103)

where T4, is computed as outlined in Equation 22 from O’Neil [10], depending
on the output power of a point source at its peak, the surrounding sky’s output
power, and the system temperature:
P, — pJ
Tant[K] = Tsys : ( - Off) (3104)

J
Poff

The ideal sensitivity o;4.q assumes all radiation from the sky is received by the
antenna and that the receiver uses its entire capacity to capture that radiation.
Therefore, 0;4eq depends on the antenna radius (R) and Boltzmann’s constant

(k), and is measured in Jansky per Kelvin:

2k
Oitear(JY/ K) = —o5 - 107 (3.10.5)
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where the factor 10?¢ corresponds to the equivalence 1Jy = 10726 W .m=2. Hz~ 1.
The amount of energy in Jansky arriving from the source is known as spectral

flux density (S)), provided by Equation 3.3.2 when the temperature is uniform.

The information was studied from Wilson et al. [56], O'Neil [10] and Woody [57].

3.11 Radiometer Noise Measurement

Due to its effectiveness and simplicity, the Y-factor method is widely used in radio
astronomy to characterize noise in radiometric systems. This method measures the
radiometer noise temperature, establishing a direct relationship between detector
output voltage and generated noise power.

By accounting for gain fluctuations, the Y-factor method evaluates system response
to two known temperatures, typically termed "hot load" and "cold load" (at
temperatures Ty and T, respectively). The Y-factor is mathematically defined

as:
Py

=5,

where Py and Pg are the powers measured when the radiometer targets a hot

Y (3.11.1)

and cold source, respectively. In practice, the hot load is usually a black body at
ambient temperature (=~ 290K ), while the cold load is a resistor immersed in liquid
nitrogen (= 77K). This procedure reduces the impact of gain instability in the
characterization of radiometer noise if done quickly, in a timescale shorter than the
gain fluctuations intrinsic timescale, providing an effective approach to determine
the radiometer noise temperature Tx,, which is the main noise component within
Tys.

Procedure for the Y-factor Method. Power Pj is recorded when the
radiometer observes the hot load, and P when it observes the cold load. According
to Nyquist’s theorem (3.4), which states P, = kT for low frequencies, these voltages

are expressed in terms of effective input temperature:

where k = 1.3806 - 1072 J/K is Boltzmann’s constant, Av the bandwidth, and G

the system gain. Av is included since a broadband radiometer covers an entire
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frequency range receiving thermal noise, and G is incorporated as it amplifies the

received power to a detectable level, crucial in calibrating thermal noise in terms

of amplified power. Applying Equation 3.11.1 to the powers defined in Equations
3.11.2 and 3.11.3 gives:

B Ty +Thy

Tc + Try

The terms kAvG cancel since gain, bandwidth, and k are constants for a given

(3.11.4)

time. Rearranging Equation 3.11.4 provides the receiver noise temperature Tg,:

Ty —YTe

TRy
R Y —1

(3.11.5)

where Ty and T are the known blackbody temperatures. Accurately determining
Tr: in radio astronomy is crucial to calibrate system sensitivity and ensure noise
measurements exclude significant spurious contributions. This method is vital
in heterodyne systems, which use multiple amplification stages to measure weak

signals, where well-characterized radiometer noise is essential for reliable results.

The first part of Chapter 4 presents a performance analysis of the COMAP
receiver, evaluating several previously discussed concepts: Tiys, Tre, AT min, 1,
and Allan variance. A prior evaluation by the COMAP team exists; this section
aims to provide hands-on experience with raw receiver data. Lamb et al. [3/]
reports a system temperature of 44 K, while Foss et al. [25] indicates that receiver
temperature, contributing most to T,,, ranges from 10-30 K, with atmospheric
contributions adding 15-25 K. Lamb et al. [31] also reports a ground contribution
of 5-6 K and an efficiency of 97.5%. In contrast, Lunde [37] notes a COMAP
minimum detectable temperature o = 0.228 K for T;,, = 45 K at a sampling

interval 7 = 20 ms.

The information was studied from Condon and Ransom [21] and Wilson et al.

[50].

3.12 Atmospheric Effects: Water Vapour

Fluctuations in the gain of receivers can lead to variations in signal output,
causing the measured noise to resemble thermal noise. This situation becomes
particularly critical in humid environments, where atmospheric water vapor

introduces additional noise. The non-uniform distribution of water vapor in
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the atmosphere generates emission fluctuations that affect receiver sensitivity.
These fluctuations contribute to background noise, complicating the detection of

weak signals.

3.12.1 The Water Vapor Molecule and Its Importance in

Observations

The water molecule is asymmetric, consisting of two hydrogen atoms and one
oxygen atom, with a bond angle of approximately 104.5° as depicted at the top of
Figure 3.12.1. Its "V"-shaped structure allows for a permanent dipole moment,
enabling effective interaction with electromagnetic radiation in the microwave
range through its rotational modes. These modes facilitate the absorption and
emission of radiation at lower frequencies, particularly in the radio and microwave
spectrum. Spectral lines occur at key frequencies such as 22 GHz and 183 GHz,
which are crucial for studying the Earth’s atmosphere and radio astronomical
observations.

In particular, the water molecule exhibits three fundamental rotational modes:
torsional mode, rotation about the minor axis, and rotation about the major
axis. Panel a) of Figure 3.12.1 illustrates rotation about the major axis. In this
mode, the molecule rotates around its major axis, generating a dipole oscillation
in space. This movement is responsible for the absorption in the 22 GHz band
and is particularly relevant in microwave astronomy, as this line is utilized to
study both the Earth’s atmosphere and molecular clouds in space. Panel ¢) of
Figure 3.12.1 depicts rotation about the minor axis. In this second mode, the
rotation occurs around an axis perpendicular to the first. This rotation generates
another absorption frequency, such as the 183 GHz line, which is significant for
measuring the amount of water vapor in the atmosphere and studying atmospheric
opacity. Panel b) of Figure 3.12.1 shows the torsional mode, a mixed mode where
the molecule oscillates in a combined manner, involving changes in orientation
along both principal directions. Although less specific in producing individual
microwave lines, this movement contributes to the amplification of the overall
rotational spectrum and is essential for the continuous absorption observed in the

microwave range.
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Figure 3.12.1: Water molecule and its rotational modes
(Credit: Elachi and van Zyl [21]).

The absorption and emission of radiation at microwave frequencies, facilitated by
the rotational modes of the water molecule, play a crucial role in the atmosphere.
This effect contributes to atmospheric opacity, especially at frequencies of interest
for radio astronomy, where the variability of water vapor with altitude impacts
observations. Water vapor in the atmosphere decreases exponentially with altitude,
exhibiting a non-homogeneous distribution largely dependent on ocean and land
surface temperatures, thereby creating variations in water vapor content that
affect radiometry and precision in radio frequency measurements.

The majority of atmospheric water vapor is concentrated in the troposphere,
extending from the surface to approximately 10-12 km, where the primary sources
of evaporation occur. Furthermore, this layer is limited in height by the thermal
inversion layer closest to the Earth’s surface. It has been found that approximately
90% of the Precipitable Water Vapor resides between the Earth’s surface and
the 500 mbar pressure level [1%]; highlighting the importance of elevation when

selecting observation sites.

The equation describing the exponential behavior of water vapor is based on the
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water vapor density as a function of altitude and can be represented as:
p(h) = poe " (3.12.1)

where p(h) is the water vapor density at altitude h, py is the density at ground
level, and « is a scale factor dependent on local atmospheric temperature and
pressure. This model is useful for simulations and predictions of atmospheric
conditions at astronomical observation sites, allowing estimates of total vapor

content based on altitude and adjustments for local climates or specific seasons.

Given its predominant distribution in the troposphere and high variability,
atmospheric water vapor affects signal transparency. To quantify this absorption
at a specific observation site, the concept of Precipitable Water Vapor (PWV) is
employed, which evaluates the total vapor content in a column of air and allows
predictions of atmospheric conditions for astronomy. The PWV | in its standard
definition, represents the amount of water vapor integrated within a vertical
column of air extending from the Earth’s surface to the upper atmosphere, typically
expressed as the equivalent liquid water height in millimeters [19]. Mathematically,

the expression for PWV is given by [01]:

1 [P
PWV = —/ q(p)dp (3.12.2)

g Jp

where ¢(p) is the specific humidity in (Kg/Kg), dp is the atmospheric pressure
in Pascal, and ¢ is the gravitational acceleration, 9.80665 (m/s?). In this case,
integration is performed over a pressure column rather than an altitude column.
This approach proves useful in global atmospheric studies and applications that
consider the atmosphere in terms of pressure, such as large-scale meteorological
analyses and reanalysis models, where the atmospheric pressure structure is

utilized to describe vapor content in each layer.

Due to the significance of PWV in site characterization and the evaluation of
atmospheric conditions for astronomical observations, it is essential to rely on
tools that facilitate precise monitoring and analysis. In this context, reanalysis
products like MERRA-2 provide high-resolution temporal and spatial data on
water vapor content, allowing detailed analysis of its variations in relation to time

and atmospheric pressure. Additionally, radiative transfer models such as Scott
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Paine’s AM model [12]| are employed to simulate atmospheric opacity, offering
crucial estimates regarding the influence of water vapor on radio astronomical

signals under different atmospheric conditions.

The information was studied from Hall and Dowling [2%|, Braun and Smirnov [10],
Elachi and van Zyl [21], Tsidu et al. [51],Wan et al. [71], Salby [19] and [12].

3.12.2 MERRA-2 Reanalysis Atmospheric Data

The Modern-Era Retrospective Analysis for Research and Applications, Version
2 (MERRA-2), developed by NASA’s Global Modeling and Assimilation Office
(GMAO), delivers atmospheric and climate analyses from 1980 to the present.
Its goal is to offer a detailed, continuous view of global climate, addressing
limitations in the original MERRA, such as improved aerosol, greenhouse gas, and
essential atmospheric variable representations critical for radiation and humidity
applications.

MERRA-2 incorporates advanced assimilation techniques, such as the Incremental
Analysis Update (IAU), to ensure consistency across temporal data evolution,
combined with modern satellite inputs that enhance simulation precision. NASA’s
GES DISC interface enables near real-time access to multiple specific data
collections, including moisture and aerosols, supporting applications in meteorology

and global atmospheric studies.

The reanalysis process of MERRA-2 utilizes the GEOS-5 data assimilation model,
with a spatial resolution of approximately 0.625° x 0.5° in latitude and longitude
(about a 50 km grid). This model encompasses the atmosphere across 72 pressure
levels (native grid), distributed on a cubed-sphere structure, providing consistent
global coverage—advantageous for studies demanding detailed resolution across
atmospheric layers. The 72 levels allow for comprehensive modeling from the
surface to the upper atmosphere, offering critical data on humidity, temperature,
and other parameters affecting atmospheric dynamics. MERRA-2 also provides
data on a 42-level interpolated pressure grid, suitable for studies requiring less
vertical detail. Data are organized in various file collections based on research
objectives. Each file includes a unique identifier specifying data contents and

attributes.

This thesis (Chapter 4) selected two types of files for the OVRO site: M2I3NPASM
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and M2IMNPASM, both using the 42-level interpolated pressure grid, denoted
“NP”. This grid was chosen as it provides atmospheric data at levels closer to
OVRQO'’s altitude than the native grid. The “I3” in the first file denotes time-
averaged meteorological fields every three hours, whereas “IM” in the second file
represents monthly averages. Both files include essential atmospheric variables
for this study, particularly specific humidity (QV), which can be converted to
PWYV by estimating pressure thickness (DELP). The detailed atmospheric data
provided by MERRA-2 supply essential configurations for conducting atmospheric
simulations over OVRO. The AM model employs MERRA-2 data as a foundation
to simulate atmospheric absorption and emission, enabling precise estimates of
PWYV and other atmospheric parameters impacting astronomical signals.

A more detailed description of this file format and others can be found in the
MERRA-2 file specification document [15].

3.12.3 The Atmospheric Model am

The atmospheric model AM, developed by Scott Paine [12], is widely used in radio
astronomy to simulate the Earth’s atmosphere, predicting how it absorbs and emits
electromagnetic radiation under various atmospheric conditions. Initially created
for studies in the Atacama Desert, home to numerous high-altitude observatories,
AM analyzes the effects of water vapor and other atmospheric gases on observations

across a wide frequency range, from near-infrared to microwaves.

Some main features of AM include: 1) calculating atmospheric absorption and
emission based on temperature, pressure, water vapor concentration, and other
gases, providing precise estimates of atmospheric effects on astronomical signals
as a function of altitude and local conditions; 2) enabling researchers to input
custom atmospheric profiles, like MERRA-2 reanalysis data, allowing tailored
simulations that predict real-time PWV and other atmospheric parameters, thus
improving observational planning and accuracy; and 3) adjusting to model
specific atmospheric conditions with input files that contain detailed profiles
of temperature, pressure, and humidity across different altitude levels, making
AM ideal for generating detailed absorption profiles in studies on radiotelescope
noise and calibration, especially in high-frequency bands sensitive to water vapor

content.

AM performs calculations of optical depth, radiative transfer, and refraction
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over microwave to submillimeter wavelengths for radiation paths modeled as
atmospheric layers or user-defined segments. Since this study of Chapter 4 focuses
on Earth’s atmosphere, AM applies a hydrostatic equilibrium model. Model
layers are treated as hydrostatic, plane-parallel (horizontal strata) layers with
boundaries defined in vertical pressure coordinates, as shown in Figure 3.12.2.
This hydrostatic model assumes that layer temperatures should be defined at the
boundaries, the mass of atmospheric constituents is conserved between pressure

boundaries and that absorption coefficients remain constant within each layer.

B(v, T;)
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\
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Figure 3.12.2: Hydrostatic model in the AM layer model. The
layers in the model represent horizontal strata and are represented
by vertical pressure coordinates for the layer boundaries. Layer
temperatures are defined using base temperatures. Absorption
coefficients are calculated at the layer midpoint temperatures and

pressures and are assumed to be constant throughout the layer.
(Credit: Modified from Paine [12]).

The atmosphere is parameterized in layers, where each layer acts as a propagation
segment with a thickness defined by pressure P. The number of layers depends on
the required output precision and the user’s computational capabilities. Each layer

can contain a mix of absorbing species (molecules) between the layer boundaries,
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with the most influential for radio wavelengths being water vapor (H,O) and ozone
(O3). The amount of each molecule per layer determines its density, allowing for
the column density above the observer and at varying zenith angles if needed.
The model simulates key variables of interest, such as atmospheric brightness
temperature Ty(v), atmospheric opacity 7(r) and atmospheric transmittance
t(v). The radiative transfer model in AM simplifies calculations by assuming
local thermodynamic equilibrium (LTE), meaning molecular collisions maintain
the equality of molecular excitation and kinetic gas temperatures. Additionally,
multiple scattering is neglected, and radiation is assumed to be unpolarized.
Each layer defines its own opacity, or optical depth 7(v) as the sum of all j column

opacities defined in the layer:
(V) = ZTi,j(V) (3.12.3)
J

The opacity’s shape depends on the type of column. Generally, opacity is
proportional to the column density product, and for a plane-parallel layer, the
secant of the propagation angle is measured through the layer.

Since both temperature and pressure must be considered at layer boundaries,
the spectral radiance B(v,T') follows the Planck function, as shown in Equation
3.3.3 in the Radiative Transfer section. Notably, under defined conditions, the
Planck function varies linearly with optical depth across the layer, known as
the linear-in-7 approximation. This allows exact integration of radiative transfer

through a layer, resulting in spectral radiance:
[1<V) = B(Va Tbasei)p(Ti(V)) + B(V, Tbasei,l)Q(Ti(l/)) + [i_1<l/)6_7—i(u) (3124)

where,

p(r) =1- : q(t) = —e T (3.12.5)

When 7 — oo, the optically thick limit, p(7) — 1 and ¢(7) — 0, with emergent
spectral radiance as, [;(v) = B(V, Thase;). Conversely, for the optically thin limit
7 — 0, p(7) and ¢(7) expand as Taylor series, approximating the effective Planck

function as the layer’s average Planck functions.

Radiative transfer calculations through all layer stacks proceed iteratively. AM’s
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default propagation is top-down, from layer 1 to the base. Spectral opacity
7;(v) is first calculated for each layer (Eq. 3.2), initializing spectral radiance
as In(v) = B(v,Ty). Equation 3.12.4 then sequentially applies across layers to
compute emergent spectral radiance I(v) = I,(v) and total optical depth or

opacity by summing all 7;(v) values.

Spectral radiance and opacity can produce several output spectra such as the
brightness temperature Tj,(v), and the transmittance ¢(v), which are of interest
in this thesis along with opacity 7(v), although the model can also produce the
Rayleigh-Jean temperature Tx_;(v) and the excess propagation delay L(v).
The spectral brightness temperature T,(v), derived from Planck’s blackbody
radiance B(v,T) (Eq. 3.3.3) with I(v) = B(v, T), is:

hv
2h1/?
| 14+ —-
wn ( N CQI(V)>

At frequency v, Ty(v) corresponds to the temperature at which a perfect blackbody

Ty(v) = (3.12.6)

emits spectral radiance I(v). In configuration and output files, T;(v) is called
Planck brightness temperature with the symbol Tb.
Another variable of interest is transmittance ¢(~) a measure of the atmosphere’s
ability to allow electromagnetic radiation to pass through without significant
absorption or scattering. Also, it is generally used to evaluate the atmospheric
performance of astronomical sites. This parameter is derived from spectral opacity
T(v):

t(v) =e ™) (3.12.7)

In the atmospheric study of OVRO discussed in Chapter 4, the atmosphere serves
as a blackbody covering the COMAP antenna’s main lobe. MERRA-2 reanalysis
data, specifically for the site at a given day and time, serves as input parameters for
AM, yielding zenithal brightness temperature and simulated zenithal atmospheric
opacity over COMAP’s frequency range. The simulated zenithal brightness
temperature calibrates COMAP skydip power data to brightness temperature at
different elevation angles. The brightness temperature undergoes an exponential fit,
as presented by Cortés et al. [22], providing OVRO'’s zenithal opacity. Simulated
and calculated opacities are then compared to validate MERRA-2 data as reliable

for radio astronomical site characterization.
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Chapter 4

Radiometric and Atmospheric Study
for OVRO at COMAP frequencies

This chapter presents a detailed analysis of calibration approaches relevant to the
COMAP project, focusing on both instrumental and observational factors that
influence the detection of the astronomical signal of interest. Instrumental factors
are examined through an evaluation of receiver performance by analyzing specific
sky scans conducted by the radio telescope on particular dates and times. Section
4.2 includes the study parameters such as Try, Tsys, Tmin, aperture efficiency,
and Allan variance. Conversely, observational factors are addressed through an
atmospheric evaluation centered on the OVRO site, where the COMAP project was
developed. The goal is to understand the atmospheric impact on the data acquired
by the radio telescope. Since the COMAP receiver is specifically designed to
measure carbon monoxide (CO) signals and is not equipped to derive atmospheric
variables, this instrument cannot conduct direct atmospheric studies. To address
this limitation, Section 4.3 presents the validation of MERRA-2 atmospheric data
(Section 3.12.2) using COMAP skydip power data for specific dates and times.
This approach facilitates the use of MERRA-2 database at OVRO and other sites

of radio astronomical interest.

4.1 Presentation of COMAP Data

To analyze the performance of the receiver, the study examines six Level-1

telescope scans conducted on different dates and times: obsid4386, obsid6863,
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0bsid8899, obsid8983, obsid10611, and obsid11582. Table 4.1.1 provides a general
description of these scans, including the observation numbers and the corresponding
observational targets. Two scans focus on co7, corresponding to the second patch
of the HETDEX spring field. Two others are dedicated to radio sources used as
calibrators, such as the planet Jupiter and the Cygnus A elliptical galaxy. An
additional scan targets the North Celestial Pole (NCP), while another conducts
a general sweep of the sky, varying elevation angles. Column 3 shows the scan
types representing the radio telescope’s motion during the observations. These
include a skydip or continuous elevation sweep, a circular scan, two raster scans,
a Lissajous pattern, and a stationary scan (Figure 4.1.1). Column four details the
elevation angle ranges covered by the radio telescope’s motion (Figure 4.1.2), and
column five presents each scan date and time.

The analysis includes receiver temperature, system temperature, and sensitivity
for all scans. The aperture efficiency evaluation is limited to obsid10611, while

the Allan variance calculation applies exclusively to obsid11582.

Table 4.1.1: Basic information for COMAP five scans. The identification number,
observed source, scan type, elevation angle, and observation date are presented.

obsid | Target Scan Type ](Ecllt(?g/?(teieosr)l start timDea—t 2nd time
4386 am;i;ncthﬁad‘, 01087 | |40 - 17
ambient load in
6863 | co7 circular scan, Tyys | 52.2 t0 63.7 20:32:0014? -0;-11:26:25
8899 | Cyg A en?ifﬁnﬁyiést 59-0 10 59.1 21:5??4129 _-1;_2(?37:41
8983 | co7 Lissajous, Tiys 60.9 to 69.7 13:33?0179 _—11211:;)9:16
10611 | Jupiter raster, Ty 26.1 to 28.3 17;22?323 _-01_71:??7:02
11582 | NCP stationary, Tyys | 37.34 to 37.55 11;03(:)4220 szmf 1:35




46 4.1. Presentation of COMAP Data

64 59.0
80 58.5
62
70 58.0
60
57.5
60
58 57.0
50 56.5
56
56.0
—~ 40
s 54
— obsid4386 obsid6863 55.5
[0} 20190325 20190713 20191106
s Skydi Ci lar St Raste
> 30 kydip 5y | Creviarsen 5.0 aster
<
c _30.04 _30.02 _30.00 _29.98 _316 —314 ~312 ~310 _201.0 _7004 5898 7892 _,88.6
oS
2
g 70 37.355
Q
w 28.0
37.353
68
37.350
27.5
66
37.348
64 27.0 37.345
37.343
62 26.5
obsid8983 obsid10611 obsid11582
20191110 20200119 37.340 20200229
Lissajous Raster Stationary
—324 -320 -316 -312 202 _201 _200 _199 _198 —0.09 —0.08 —0.07 ~0.06

Azimuth (°)
Figure 4.1.1: Six types of scans from separate observations on different dates, as

detailed in Table 4.1.1, are presented. Each panel’s bottom displays the observation
ID, date, and scan type
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Figure 4.1.2: The elevation angles for each analyzed scan are shown. Orange
sections indicate the selected elevation angle used for simulating sky brightness
temperature via the AM model. The observation ID, date, and chosen elevation
angle are noted at the bottom of each panel
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4.2 COMAP Receiver Performance Evaluation

4.2.1 Receiver Temperature

An effective method for evaluating the instrumental impact on data involves
analyzing the receiver temperature. This parameter is determined using the
Y-factor technique (Equation 3.11.1), which relies on calibrators with established
temperatures. Each calibrator is associated with a specific power level when
presented to the COMAP receiver. As previously discussed, the COMAP system
employs two calibration sources: the sky and an ambient temperature calibration
load. In an ideal scenario, when the sky serves as the calibrator, the telescope
should ideally point towards the zenith or as close to it as possible. However,
in practice, this ideal scenario is not strictly followed. COMAP calibrations are
typically conducted by measuring the calibration load at the start and end of the
observation while viewing the sky without pointing the radio telescope directly
at the zenith, as demonstrated by the elevation angle ranges in Table 4.1.1 and
graphically in Figure 4.1.2.

The methodology employed to analyze the COMAP data and derive the receiver
temperature is detailed below. For illustrative purposes, the explanation focuses on
a single pixel, spectral channel, and band within a specific file; however, the same
procedure is systematically applied across all pixels, channels, and bands in the
complete dataset. The upper panel of Figure 4.2.1 displays the power associated
to spectral channel 500 for pixel 1 across the four bands for obsid10611. Pixel 1 is
located in the center of the array (Figure 2.1.1), and the channel has a different
frequency depending to the band: 27.025 GHZ for A:LSB band, 28.975 GHz for
A:USB, 31.025 GHz and 32.975 GHz for B:LSB and B:USB band, respectively.
The bottom panel illustrates the calibration status during the scan: status 0.0
signifies that the calibration load does not cover the feeds represented by brown
dots (Left Panel of Figure 4.2.2), status 1.0 indicates full coverage by the load
shown in yellow dots (Right Panel of Figure 4.2.2), status 2.0 reflects the load
moving toward the feeds in green dots, and status 3.0 corresponds to the load
departing from the feeds in red dots. A distinct alignment between the calibration
status and the power behavior is observed. Specifically, when the calibration
status progresses from 0.0 to 2.0, indicating the movement of the calibration load

toward the array, a pronounced and rapid increase in power is observed uniformly
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across all bands. In contrast, as the status transitions to 3.0, corresponding to the
departure of the load from the array’s field of view, the power exhibits a marked
and abrupt decline. Subsequently, at status 0, the array resumes its observation
of the sky.
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Figure 4.2.1: The upper panel presents the power measured for pixel 1 of spectral
channel 500 across the four bands for obsid10611. The lower panel shows the
calibration status recorded during the calibration process, corresponding to the
same dataset.

Figure 4.2.2: The calibration load is mounted on the side of the COMAP
receiver. The left panel illustrates the load positioned outside the field of view of
the 19-pixel array (calibration state 0.0), while the right panel displays the load
placed in its calibration position (calibration state 1.0).
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There are some channels, such as 1, 513, and 1024 are excluded' from the analysis

because the power of these channels in some pixels does not respond as expected.

1.- Power associated with the calibrators. The COMAP calibration
load consists of Radar Absorbing Material (RAM) tiles maintained at ambient
temperature. The load is mounted on the receiver side of the telescope antenna
and is painted white, as depicted in Figure 4.2.2. The calibration load data are
referred to as vane in the H K group in the COMAP dataset. Figure 4.2.3 provides
an enlarged view of the upper panel of Figure 4.2.1, and so is the power of the
second calibration process of pixel 1 for the spectral channel 500 in the four bands
for obsid10611.
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Figure 4.2.3: An enlarged view of the power during the second calibration
process is presented for pixel 1 across all four bands of spectral channel 500 from
the obsid10611 scan. Simultaneously, the calibration states (0.0, 1.0, 2.0, and
3.0) are plotted to illustrate the variations in power observed during calibration.
Yellow and green markers indicate calibration states 1.0 and 2.0, respectively,
which were utilized to select the load power sections depicted as pink regions in
the curves for each band. The sky power sections, corresponding to calibration
state 0.0, are represented by light blue points, with brown markers denoting the
calibration state reference.

'Excluded frequencies 26.001953GHz, 26.9998047GHz, 28.GHz, 29.001953GHz, 29.998047GHz,
30.001953GHz, 30.998047GHz, 32.GHz, 33.001953GHz, and 33.998047GHz.
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The calibration states previously introduced in the lower panel of Figure 4.2.1 are
superimposed onto the power. The changes in power are more clearly observed
here, particularly when the load approaches the receiver at the green points
and when it moves away at the red points. Additionally, it is evident that the
load power stabilizes before the load reaches its position in front of the array, as
indicated by the yellow points. To select the section of load power to be used in
the analysis, the stabilization of the load’s power will be utilized in both state 1.0
and part of state 2.0, as shown in the pink section. This section will be averaged
to derive a single load power value, referred to as P,.q. The A:LSB band is chosen
to display the T, calculation. Therefore, the load average power for pixel 1 in
spectral channel 500 for that band is P:LSB = 3547093.8 dcu.

When the sky is used as a calibrator, the power is selected based on calibration
state 0.0, represented by the brown points in Figures 4.2.1 and 4.2.3. Since the
scan obsid10611 was performed within an elevation range of 26° to 28° (Table
4.1.1), a segment corresponding to the highest elevation, 28°, has been chosen.
This section is depicted in orange in Figure 4.1.2 and, for this file, is located in
the central panel of the second row. Table 4.2.1 shows the choice of elevation
angles chosen for each scan in column 3. Once the elevation angle within the scan
is determined, it is associated with the power measured when the array observes
the sky. This power is represented by the light blue section in Figure 4.2.1. The
chosen section will be averaged to derive the value of the sky power, which will
be referred to as P,. Therefore, the sky average power for pixel 1 in spectral
channel 500 for the A:LSB band is P45 = 630304.8 dcu.

sky

3.- Obtain Y-factor (Y). The Y-factor is calculated by dividing the power
data of the load by that of the sky, as defined in Equation 3.11.1. For pixel 1, at
spectral channel 500 within the A:LSB band, corresponding to obsid10611, the

computation yields:

vawss _ Doad o _ 35470938 deu

- PﬁfﬁyLSB ~ 630304.8 dcu

= 5.627585 (4.2.1)

This method is consistently applied across all pixels, spectral channels, and

frequency bands for every scan.

4.- Determine the Calibrators Temperatures. 1) Calibration load. Upon

determining the position of Pj,qq, it is linked to the load temperature recorded as
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Tyane corresponding to sensors embedded in the load, which is mounted on the
side of the receiver (Figure 4.2.2). The load temperature, Tjouq, is then derived

from T4, using Equation:

Tvane
Tiond (K) = <55 +273.15 (4.2.2)

Figure 4.2.4 illustrates the variation of the load temperature throughout the entire
obsid10611 scan. The orange markers specifically represent the temperature data
corresponding to the same position as the load power. This dataset is utilized to
compute the average calibration load temperature, yielding 7},,q = 275.32 K for
the obsid10611. Table 4.2.1 provides the load temperature values for all six scans

in the second column. Note that Tj,.q is unique for all bands.
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Figure 4.2.4: The load temperaturée measured during the obsid10611 scan
is depicted. Orange markers denote the selected load temperature, which is
correlated with the load power.

2) Sky as calibrator. Precise determination of sky temperature depends on
frequency, atmospheric air mass, spillover contribution, and atmospheric conditions.

It is defined as follows:
TSKy(V, 9) == TCMB + TSP(I/, ‘9) + TATM(V, 0) (423)

where Toap = 2.73 K represents the cosmic microwave background (CMB), while
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Tsp(v,0) accounts for spillover effects as a function of frequency and elevation
angle. At lower elevation angles, the interaction with secondary lobes intensifies,
increasing its contribution to the observed temperature. Meanwhile, Tarps (v, 6)
denotes the atmospheric brightness temperature, which quantifies the atmosphere’s
impact on the observed signal.

The atmospheric contribution to sky temperature depends on frequency, and
is influenced by air mass variations with elevation angle, expressed as am =
1/cos(90 — ). At zenith (# = 90), air mass is minimized (am = 1), leading to
the lowest atmospheric contribution to received power. At lower elevation angles,
increased air mass extends the optical path of incident radiation, enhancing
interactions with the atmosphere and raising its impact on the registered
temperature. Moreover, temporal factors such as observation date and time
must be considered, as atmospheric water vapor significantly affects brightness
temperature. As observed at the OVRO site, where COMAP operates, atmospheric
brightness temperature varies throughout the day and across seasons due to
fluctuations in water vapor content, precluding its treatment as a constant
parameter.

Before proceeding, it is important to clarify that the explicit derivation of
sky brightness temperature and spillover contribution will be addressed in the
next section titled "Validation of MERRA-2 Data Through COMAP Skydip
Measurements" (Sections 4.3), while in this section, only the results will be applied
directly. The simulation of Tarps(v,0) is derived from the AM radiative transfer
model utilizing data from the MERRA-2 atmospheric database (described in
Sections 3.12.2, 3.12.3 and analyzed in Section 4.3.1). Initially, the sky temperature
used as a calibrator was assumed to correspond to a 7 K contribution across
COMAP’s entire spectral range, originating from the atmosphere and the CMB,
without considering spillover. The results obtained in Section 4.3 validated the use
of the AM radiative transfer model within COMAP’s frequency range, providing
more accurate spectral channel and elevation angle values for Tar (v, 8) compared
to previous estimations. The modeling considers the day, time, and elevation
angle corresponding to each scan. Figure 4.2.5 depicts the simulated atmospheric
brightness temperature using the AM radiative transfer model for all analyzed
scans, applying the elevation angles listed in column four of Table 4.1.1. As
expected, the simulated curve varies both in shape and magnitude as a function

of the PWV corresponding to the day and time of the scan.
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Figure 4.2.5: Simulated brightness temperature from AM model and its
respective precipitable water vapor value.

As expected, the simulated curve varies both in shape and magnitude as a
function of the PWYV corresponding to the day and time of the scan. A direct
relationship exists between the simulated temperature and PWYV, such that
an increase in one results in a proportional rise in the other and vice versa.
Furthermore, the temperature slope at lower frequencies, ranging from 26 to 28
GHz, becomes increasingly pronounced due to the influence of the water line at
22 GHz, particularly when the PWYV reaches higher values. Lastly, peaks near 29
and 30 GHz are identified, corresponding to the presence of the ozone molecule.
The spillover value, obtained from an exponential model defined by Equation
4.3.13, is derived from the calibration of power data converted to temperature
units, as detailed in Section 4.3.3. This model accounts for spillover contributions
at elevation angles between 30° and 86.5°, referencing the 6 K value at zenith
reported by Lamb et al. [31]. The resulting spillover temperature, specified in
column 4 of Table 4.2.1, is evaluated at the elevation angle listed in column 3. The
integrated application of both models within the procedure for determining the sky
temperature as a calibrator ensures a more accurate and robust characterization
of COMAP’s system behavior.
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Table 4.2.1: Relevant information used to calculate T,,. The
columns corresponding to the scan identification number (obsid), the
load temperature (T}o44), the spillover temperature (Tsp) calculated
from the spillover model, and the mean elevation angle used in the
Tary simulation and Tsp.

. Load Spillover Mean Elevation
obsid Temperature (K) | Temperature (K) | Angle (degrees)
4386 273.15 5.99 87.0
6863 343.15 6.46 62.154
8899 292.15 6.56 58.990
8983 267.21 6.27 69.119
10611 275.32 8.76 28.212
11582 272.89 7.79 37.338

5.- Evaluate Receiver Temperature (Tr,). The receiver temperature for pixel
1, at spectral channel 500 in the A:LSB band corresponding to frequency 27.025
GHz, derived from observation obsid10611, is determined using Tj,.q = 275.32 K,
associated with Py, for this observation. The Ty, value, equal to 31.13 K, is
obtained as the sum of Tsr), = 22.37 K, corresponding to spectral channel 500
in the simulated yellow curve in Figure 4.2.5, and Tsp = 8.76 K, specific to the
same observation. Incorporating these along with Y = 5.627585 from Equation

4.2.2 into Equation 3.11.5 produces:

TA:LS'B _ Tioaa — Y - Tsky
_ 275.32 K — 5.627585 - 31.13 K
B 5.627585 — 1

=21.64 K (4.2.4)

The same approach is employed to evaluate the receiver temperature for all pixels,
spectral channels, and frequency bands in the dataset.

For the calculation of Tg,, the 19 pixels from the obsid6863 and obsid4386 scans are
considered. However, for the remaining scans, pixels 18 and 19 are excluded since,
across all spectral channels in the four bands, these pixels exhibit significant noise

and fail to respond either to sky scans or calibration procedures. It should also be
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noted that spectral channels 1, 513, and 1024 are omitted because they produce
spectral peaks across all bands, are common to all pixels, and are associated
with the DC component and its Nyquist alias (Lamb et al. [31]). The receiver
temperature is determined for the remaining pixels and spectral channels across

all analyzed scans, and the results are presented in the histogram of Figure 4.2.6.
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Figure 4.2.6: Histograms of the receiver temperature per band are displayed
without averaging the spectral channels for each analyzed file. Each row
corresponds to a specific scan, and each column represents a spectral band
corresponding to the COMAP frequencies.

This histogram displays Tr, values constrained between 0 and 50 K. The right
vertical axis specifies the analyzed scans alongside their corresponding observation
dates, while the left vertical axis specifies the total count of spectral channels
corresponding to each interval of T, values, illustrating the absolute frequency
of these occurrences. The upper horizontal axis illustrates the four frequency
bands employed by COMAP. For Band A, the histogram exhibits a well-defined
bell-shaped distribution when considering all scans. The mean in the LSB band
ranges from 20.53 K to 22.08 K, whereas the mean in the USB band spans from
16.94 K to 19.00 K. In contrast, Band B demonstrates a more pronounced peak

alongside a smaller peak evident across all scans at lower Tx, values. An analysis
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of the power corresponding to the pixels and spectral channels exhibiting this
behavior revealed no erratic power fluctuations (further information should be
reviewed in related papers). Considering the more prominent peak, the mean in
the LSB band ranges from 14.84 K to 17.15 K, while for the USB band, it spans
from 15.35 K to 18.53 K.

Figure 4.2.7 presents the histogram of receiver temperature based on the analysis
of six scans. The assessment indicates that 95% of the Tg, values fall within
the range of 10 to 31 K, with a mean of 17.7 K. These results align closely
with those reported by Foss et al. [25], who documented Tg, values between
10 and 30 K. Appendix B called "COMAP Performance Receiver" provides the
receiver temperature across the entire spectral frequency range of COMAP for

each individual scan.
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Figure 4.2.7: Receiver temperature histogram per spectral channel and per
band, including the six scans.

4.2.2 System Temperature

The system temperature, T, is determined using Equation 22 from O’Neil [10],
derived from the mathematical formulation of the general power equation when
observing the sky and a noise source. In that study, the contribution of sky
temperature is deemed negligible compared to the noise source, as the latter

exceeds T, by several orders of magnitude. However, in this analysis, T, is
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explicitly incorporated into the calculation of T,,. Consequently, the equation

employed to compute T, is:

Py
Ty = 52— (Tia = Toty) 125
Y IDload - Psky foad ky ( )
This expression differs slightly from Equation 23 in Foss et al. [25], where Ty

is computed considering only Toap as Tyy. In contrast, the present analysis
accounts for Ty, as defined in Equation 4.2.3, ensuring a more comprehensive
representation of the sky contribution. All parameters required in the equation
are already known and were obtained in the previous section 4.2.1. Note that
the power values are specific to each pixel and spectral channel across all bands.
In contrast, Ty, representing the sky temperature simulated using the AM
model, has a distinct value for each spectral channel within every frequency
band. Meanwhile, 7T,,4 remains constant for all pixels and spectral channels in a
given band. Following the example described above, the values are substituted

in equation 4.2.5 to compute T, for the spectral channel 500 of pixel 1 in band

A:LSB of obsid10611:

ALSB _ 630304.8 dcu
s 3547093.8 dcu — 630304.8 deu

=H2.TTK

: (275.32 K —31.13 K)

In this analysis, the same pixels and spectral channels previously selected for the
calculation of Tr, were utilized, maintaining the exclusion criteria already detailed.
Figure 4.2.8 presents histograms of the system temperature corresponding to all
the scans evaluated in the four frequency bands. The system temperature values
were limited to a range of 20 and 70 K after reviewing the T,, temperature
graph across the full COMAP spectral range, presented in Appendix B, where
the tendency of Ty, values is visible. The right vertical axis shows four lines in
each row, specifying the analyzed scans, their respective observation dates, the
amount of precipitable water vapor (PWYV) present at that moment derived from
the AM model in the atmospheric brightness temperature simulation, and the
respective elevation angle at which the simulation was performed. The left vertical
axis shows the total spectral channels per T, interval, representing the absolute
frequency. The upper axis shows the four frequency bands utilized by COMAP.

In general, when examining all scans and bands, it is evident that T}, strongly
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depends on the PWYV present at the time of observation.
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Figure 4.2.8: Histograms of the system temperature per band are displayed
without averaging the spectral channels for each analyzed file. Each row
corresponds to a specific scan, and each column represents a spectral band
corresponding to the COMAP frequencies.

This is evident since the scans with the lowest mean values of T, correspond
to those with lower PWV, and conversely. For instance, the scan identified as
obsid8983, located in the fourth row, shows mean values of T,, ranging from
32.23 to 37.70 K in the four bands, with an associated PWV of 4.113 mm. The
obsid4386 scan, positioned in the first row, exhibits mean values of T}, between
31.41 and 37.41 K, corresponding to a PWV of 5.779 mm. On the other hand,
the obsid10611 scan, located in the fifth row, shows the highest mean values of
Tsys across all four bands of all scans, ranging from 45.64 and 51.71 K, with an
associated PWV of 21.169 mm at the observation time. It is determined that
95% of the Ty, data, including all six scans, ranges from 28 to 56 K. This is
comparable to the findings of Foss et al. [25], who reported 7, values between 34
and 60 K, with a mean of 44 K. In this analysis, a single mean was not identified

due to the influence of PWV on the calibration process.
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4.2.3 Sensitivity

The sensitivity is determined using Equation 3.7.1, incorporating the previously
calculated system temperature, the COMAP IF bandwidth of 2 MHz, and the
evaluation period of 20 ms, which corresponds to the COMAP data recording
rate. An example calculation of sensitivity, for a single-pixel receiver, is provided
for the spectral channel 500 of pixel 1 in band A:LSB for obsid10611:

A:LSB
A:LSB __ Tsys

o e —
20ms VAU - T
52.77T K

T /2x10°Hz 0025
— 263.85 mK (4.2.6)

For the COMAP 19-pixel array, the sensitivity is reduced in a factor of 6.57, then
o4 LSB = 40.15mK. Figure 4.2.9 presents a histogram of sensitivity for all scans
across the four frequency bands for a single-pixel receiver. Sensitivity values were
constrained between 100 and 400 mK, with the 95% of the data in the range of
165-282 mK.

Clearly, the sensitivity behavior is directly influenced by the system temperature of
each scan. To enhance the detection of weak signals, increasing the integration time
is effective. For instance, in scan obsid8983, which observes a sky region containing
CO for approximately one hour (3600 seconds), with a constant bandwidth
and a system temperature of Ty, = 35 K, the noise uncertainty decreases to
o3600s = 412.48uK, representing a 99.7% reduction compared to gag,s. In the
implementation of the 19-pixel, the sensitivity is o3g00s = 94.63uK, reducing in a
factor of 4.36.

To detect the cosmological CO signal, which is around 1K [25], determining the
required observation time is crucial. According to the radiometer equation, a
single receiver would necessitate an integration time of 7 = 6.125x10%s &~ 19 years
for a single receiver is required. This time is reduced to 373 days for the 19-pixel
array of COMAP. In practice, COMAP data analysis employs frequency bins
of Av =31.25 MHz [19], broader than the individual spectral channel width of
approximately ~2 MHz. This approach reduces the integration time per receiver
to 1.2 years. Furthermore, since COMAP operates as a 19-pixel array, the system’s

sensitivity improves by a factor of v/19 ~ 4.36, thereby shortening the required
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integration time to approximately 24 days.
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Figure 4.2.9: Histograms of sensitivity per band are displayed without averaging
the spectral channels for each analyzed file. Each row corresponds to a specific
scan, and each column represents a spectral band corresponding to the COMAP
frequencies.

4.2.4 Allan Variance

The Allan variance is an essential tool for assessing signal stability in the
time domain. This analysis enables the identification of white noise within
specific intervals, allowing for the determination of optimal integration limits and
enhancing the quality of radio astronomical observations. The Python library
allantools was employed to calculate the normalized Allan variance. The input
parameters consist of: 1) the TOD power of spectral channel 500, segmented by
band and pixel for the obsid11582 scan, representing a stationary-type observation;
and 2) the sampling rate of the COMAP data, set at 20 milliseconds.

Figure 4.2.10 presents a plot of the power of pixel 1 in the A:LSB band. For the
analysis, only the power highlighted in orange, located in the embedded graph at
the center, is selected. This segment corresponds to the time interval during which

the radio telescope observed the sky at an elevation of approximately 37° over
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the course of one hour, as recorded in the calibration state data. Two calibration
points, one at the beginning and another at the end of the scan, are excluded

from the analysis.
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Figure 4.2.10: The power of spectral channel 500 for pixel 1 in the A:LSB band
from file obsid11582, which records a stationary observation, is displayed. The
section used in the Allan variance analysis is highlighted in orange.

Figure 4.2.11 illustrates the results of applying the normalized Allan variance to
the power data from pixel 1 across the four bands. The resulting curves exhibit
linear behavior for shorter time intervals. As time increases, the curves adopt
a concave shape with a minimum point known as the Allan time, measured in
seconds. This parameter represents the interval during which the measurements
are influenced exclusively by white noise.

Additionally, alongside the variances, the radiometer equation is presented as a
blue line, derived from Equation 1 by Kooi et al. [32]:

o= (5(0) (4.2.7)

vB-T

In this expression, o represents the standard deviation of the signal, S(t)

corresponds to the analyzed power data, in this case, from spectral channel
500 of pixel 1 across the four bands. The parameter B refers to the IF bandwidth
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of COMAP, equivalent to 2 MHz, and T indicates the integration time derived from
the Allan variance calculation for each band. The plot displays the radiometer
equation exclusively for the A:LSB band, as identical results are obtained for
the other bands. The inclusion of the radiometer equation aims to highlight the
ideal behavior of the power data under the exclusive influence of white noise. In
such a scenario, it would be possible to perform radio astronomical observations
with indefinite integration times. In practice, however, the data are continuously
subject to additional 1/f noise sources. Foss et al. [27] identifies three primary
contributors to this noise affecting COMAP: gain variations in the LNA amplifiers,

atmospheric fluctuations, and time-dependent standing waves.
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Figure 4.2.11: The normalized Allan variance for the spectral channel 500
of pixel 1 in the four bands is also displayed. The Allan times are 12.44,
16.92, 16.54, and 16.6 seconds for bands A:LSB, A:USB, B:LSB, and B:USB,
respectively. The radiometer equation is represented by a blue dashed line.

Figure 4.2.12 depicts the Allan time values for each pixel across different bands
for spectral channel 500. The temporal stability of the data ranges between 5 and
22 seconds, confirming the presence of low-frequency noise in all analyzed files.

No correlation is observed between pixels or across bands.
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Figure 4.2.12: The Allan time for each pixel and band is presented.

4.2.5 Aperture Efficiency

The method proposed by Woody [57] is subsequently implemented to compute
the aperture efficiency (Section 3.10) for all pixels in the obsid10611 scan,
corresponding to the observation of planet Jupiter. This method is applied
to the central frequencies of COMAP’s four bands: 27 GHz, 29 GHz, 31 GHz,
and 33 GHz. The procedure is detailed for pixel 1 in the A:LSB band, averaging
1021 spectral channels while excluding channels 1, 513, and 1024. Figure 4.2.13
displays the power of the spectral channels considered for this pixel in that band,
with a selected time interval between 17:29:10 and 17:30:22 UTC containing
Jupiter’s data, which are used for the analysis. Averaging the spectral channels
reduces measurement noise and enhances the visibility of Jupiter’s power peaks,
as shown in the embedded graph within the figure. After averaging, six peaks
corresponding to Jupiter are identified, significantly influenced by variations
in gain. For this reason, Woody’s method proves to be an effective choice for
determining aperture efficiencies, as each peak is calculated individually while
disregarding gain variations. The procedure for determining the aperture efficiency

(n) is described as follows:
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Figure 4.2.13: The power for all spectral channels of pixel 1 in the A:LSB
band of the obsid10611 scan is shown. The section of Jupiter peaks is presented
in the embedded graph, which was obtained by averaging the spectral channels
to minimize noise and increase peak size.

1.- Determine the antenna temperature of Jupiter (7)/,). This parameter
is calculated using Equation 3.10.4, which employs the power of Jupiter (P7)),
recorded when the radiotelescope performs a sweep over the planet. It also utilizes
the sky power (Po‘zc ) measured immediately before and after the radiotelescope’s
transit over Jupiter, as well as the system temperature (Tys).

The Ty,s was already estimated in Section 4.2.2 for each spectral channel of every
pixel across the four bands, considering all scans. However, for this evaluation,
the spectral channels are averaged by band, resulting in four 7, values per pixel.
Specifically, for pixel 1, the calculated values are 55.32 K for the A:LSB band,
47.99 K for the A:USB band, 43.23 K for the B:LSB band, and 46.63 K for the
B:USB band. According to powers, although there are six Jupiter power peaks
for pixel 1 in the A:LSB band, the T}/, analysis will include only the four most
prominent peaks, which correspond to the central ones shown in Figure 4.2.14.
These peaks are selected because they offer the highest possibility of achieving
better aperture efficiency. The orange peaks correspond to Jupiter’s power, and

the green-light data refer to the sky’s power used for the calculation.
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Figure 4.2.14: Power section contains Jupiter data of pixel 1, A:LSB band from
obsid10611 file is shown. Jupiter’s section is shown in the orange line, and the
sky’s section is illustrated in the light green line.

The T/, calculation is performed individually for each peak. Consequently, the
procedure to determine the power values for Jupiter and the sky is presented for
a single peak, specifically the third one in Figure 4.2.14, with the understanding
that the same method applies to the remaining peaks. Figure 4.2.15 displays
Jupiter’s data points in orange, fitted to a Gaussian function represented by an
orange line. The green marker indicates the maximum value of the Gaussian fit,
which provides the most accurate representation of Jupiter’s power, P . The blue
points correspond to sky power data, adjusted with a linear function depicted
by a blue line. The chosen sky power, Pc;’}f, marked in red, matches the sky
power value at the same time position as P . It is essential to note that using
only one section of sky power data: either to the left or right of the Jupiter
peak, is insufficient because variations in receiver gain clearly affect the sky power
data. Thus, by applying Equation 3.10.4, the T . calculations are performed as

previously described for the four peaks of pixel 1 in the A:LSB band:



66 4.2. COMAP Receiver Performance Evaluation

P1-A:LSB

508000

506000

504000

Power (dcu)

502000

500000

498000 Jupiter data Jupiter Gaussian Fit *  Psky is 500790.9092 dcu
* Sky data —— Sky Linear Fit *  Pon is 507388.2324 dcu

17:29:52 17:29:52 17:29:52 17:29:53 17:29:53
January 19, 2020

Figure 4.2.15: The third power peak of Jupiter for pixel 1 in the A:LSB band
from obsid10611 scan is shown. The orange line corresponds to the Gaussian fit
applied to Jupiter’s peak; the green mark refers to Jupiter’s maximum power
value. The blue line represents the linear fit to the sky power data; the red mark
is the power sky chosen for calculation.

For peak 1:
Jpea 1 Jpea 1
T‘]Peakl _ TA:LSB . (POTL Y- Poff ' )
ant - Tsys PJpeakl
of f
(504051.48 deu — 498613.32 dcu)
=55.32 K -
498613.32 dcu

= 0.60K (4.2.8)

For peak 2:

506060.02 deu — 499515.47 deu)
499515.47 dcu
=0.72K (4.2.9)

Treer> — 5532 K - (
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For peak 3:
Theaks _ 5x 20 ¢ (507388.23 deu — 500790.91 dcu)
ant 500790.91 dcu
= 0.73K (4.2.10)
For peak 4:
ook (505987.47 deu — 500475.51 dcu)
Tt = 5532 K -
500475.51 dcu
= 0.61K (4.2.11)

The third Jupiter peak provides the highest antenna temperature, reaching 0.73
K in the A:LSB band for pixel 1. It is anticipated that in the remaining three
bands of the same peak, the antenna temperatures will also exceed those of the
other peaks, a prediction confirmed by the obtained results. The recorded T3,

values for the third peak are 0.82 K for the A:USB band, 0.93 K in the B:LSB
band, and 0.99 K for the B:USB band.

2.- To calculate the flux density of Jupiter (S;). This parameter derives
from Equation 3.3.2, which considers the planet’s uniform brightness temperature
T4, subtended by a solid angle Q44 in radians® at a specific frequency. In
this case, the calculation employs the central frequencies of each COMAP band,
expressed in wavelength ().

It must be noted that the solid angle €2;,,4 depends on the observation date,
which for this analysis corresponds to January 19, 2020, and the angular diameter
dy, equal to 31.987 arcsecs or 7.753-107° rad, obtained using Python’s ephem

package. For simplicity, it considers the solid angle as the Jupiter’s area:

drad )
QJ,rad =T" ( J72 d)

<7.753 1070 md>2
2

=1.88-10"® rad? (4.2.12)

The wavelengths used in this calculation correspond to the central frequencies

20 = A/d?, where A is the area of the source observed and d is the distance between the observer
and source.
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of COMAP, with values of \y; = 0.01110342 m, A\yg = 0.01033767 m, A3; =
0.00967072 m, and A3z = 0.00908462 m.

In the Woody method Woody [57], Jupiter’s brightness temperature is assumed
to be 140 K at 30 GHz. Karim et al. [30] provides a table with brightness
temperature values for Jupiter over a frequency range from 27.688 to 34.688 GHz,
with increments of 0.5 GHz. A linear interpolation is performed on these data
to determine the brightness temperatures at the central frequencies of COMAP.
Specifically, a temperature of 140.91 K is obtained for 27 GHz, 143.65 K for 29
GHz, 146.29 K for 31 GHz, and 149.37 K for 33 GHz.

By implementing Equation 3.3.2 for the central frequencies:

2k Qg T 1026 (4.2.13)

2
)‘27,29,31,33

SJ27,29,31,33

where, k = 1.3806 x 1072* J/K is the Boltzmann constant. The number 10%
multiplies the equation to correctly transform to Jansky units. A constant value
is2-k-Qjrad - 10%0 = 0.0005215521 J/K rad?. Applying the previously indicated

values, the following results are obtained.

For 27 GHz:
140.91 K - 0.0005215521 J/ K rad?
SJ27GHz = 2
27T GH=
B 7.349446 x 1072 J rad?
N 0.011103422 m?
= 59.53 Jy (4.2.14)
For 29 GHz:
143.65 K - 0.0005215521 J/ K rad?
SJ29 GHz —

/\39 GH=z
7492256 x 1072 J rad?
N 0.010337672 m?

— 70 Jy (4.2.15)
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For 31 GHz:
146.29 K - 0.0005215521 J/ K rad?
SJ31 GHz 22
29GHz
7.629836 x 107* J rad?
N 0.009670722 m?2
= 81.47 Jy (4.2.16)
For 33 GHz:
149.37 K - 0.0005215521 J/ K rad?
SJ33GHz =

>\§3 GHz
_7.790497 x 107* J rad?

0.009084622 m?
= 94.29 Jy (4.2.17)

Note that these flux values are used for all pixels of the obsid10611 scan according
to the band.

3.- Determinate the COMAP ideal sensitivity (0;4eq). This parameter
is defined as the total flux collected by the radio telescope antenna under ideal
conditions, excluding losses. The ;4.4 is calculated using Equation 3.10.5, based
on the radius of the COMAP radio telescope antenna, which is 5.2 m. Subsequently:
2-k
- R?

2-1.3806 x 1072 J/K -
= 10

5.22 m?2

= 32.50 Jy/K (4.2.18)

Oideal =

This value is unique for all frequencies used in the 7 calculation.

4.- Determine the aperture efficiency (7). This parameter serves as an
indicator of the antenna’s ability to convert received radiation into a detectable
signal. This parameter, ranging from 0 to 1, is calculated using Equation 3.10.1
by applying the values of T,,;, S; and o at the central frequencies of COMAP.
Then, for pixel 1 in the 4 bands:
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For 27 GHz:

JﬁeakS
Uideal : Tant27

7727 = S
Jar
3250 Jy/K -0.73 K
N 59.53 Jy

= 0.40 (4.2.19)

For 29 GHz:

 Gidear - Tl
7729 - SJQQ
3250 Jy/K - 081 K

70 Jy
=0.38 (4.2.20)

For 31 GHz:

- Ojideal * T(if:te;fg
7731 - SJ31
~ 32,50 Jy/K -0.93 K

81.47 Jy
= 0.37 (4.2.21)

For 33 GHz:

Oideat - Toif ™
77 =
” SJ33
~ 32,50 Jy/K -0.99 K

94.26 Jy
=0.34 (4.2.22)

As the frequency increases, the efficiency tends to decrease, a behavior observed in
almost all pixels. Figure 4.2.16 illustrates the aperture efficiency for each central
frequency of COMAP, assigning an eta value to every pixel. The values were
multiplied by 100 to express the vertical axis in percentages. Different markers
were used to highlight the rings of the 19-pixel array. pixel 1, located at the
center of the array, is identified with a star. The first ring, including pixels 2 to

7, is marked with triangles, while the outer ring, consisting of pixels 8 to 17, is
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represented by circles.

60 —— PL  —v P3 %+ PS P7 P9 —e— P11 —e P13 —e P15 P17
P2 - P4 ¥ P6 -—e P8 —e PLO P12 —e— P14 —e— P16

55

50

45

40

Aperture Eficiency (%)

30

25

26 27 28 29 30 31 32 33 34
Frequency (GHz)

Figure 4.2.16: The aperture efficiency at each central frequency of COMAP
is presented for the 17 pixels in scan obsid10611.

With increasing frequencies, a reduction in efficiency becomes apparent. This
trend, observed in most of the pixels in the array, can be attributed to factors
such as coma, an optical aberration that primarily affects pixels farther from the
optical axis, causing an asymmetric distribution of radiation in the focal plane.
For instance, pixel 1 shows an efficiency of 0.397 at 27 GHz, 0.379 at 29 GHz,
0.372 at 31 GHz, and 0.335 at 33 GHz. However, Pixels 7 and 16 deviate slightly
from this trend, displaying a somewhat higher efficiency at 31 GHz compared to
the others. For example, Pixel 7 records efficiency values of 0.43, 0.39, 0.40, and
0.36 for 27, 29, 31, and 33 GHz, respectively. Additionally, Figure 4.2.17 presents
the aperture efficiency for all useful pixels in the obsid10611 scan. Each pixel is
represented by four points corresponding to the central frequencies of COMAP.
It is evident that the eta values range between 0.27 and 0.5, aligning with the
findings reported by Lamb et al. [31].
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Figure 4.2.17: The aperture efficiency for the 17 pixels at the central
frequencies of COMAP is shown.
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4.3 MERRA-2 data validation through of COMAP

skydips measurements

The MERRA-2 data validation is comprised of four major steps: 1) The preparation
of MERRA-2 atmospheric data for the OVRO site. 2) The successful execution
of AM configuration file with MERRA-2 data to obtain simulated atmospheric
opacity and brightness temperature across the COMAP frequency range at different
elevation angles, 3) The calibration of skydip power data to brightness temperature
using the simulated zenith brightness temperature from the AM model. 4) The
calculation of zenith spectral opacity within the COMAP frequency range.

From this procedure, some results naturally emerged that were not initially
anticipated but provide valuable insights into the study of calibration strategies.
These include the estimation of a spillover model for different elevation angles
within the COMAP frequency range and the direct retrieval of precipitable water

vapor at specific moment and over extended periods for the OVRO site.

4.3.1 Working with MERRA-2 Data

This section explains how the MERRA-2 data must be treated to calculate the
precipitable water vapor over OVRO site. The methodology is enumerated as

follows.

1.- Obtaining MERRA-2 atmospheric data on OVRO site. Downloading
the appropriate atmospheric data type from the MERRA-2 platform is essential
for conducting accurate atmospheric analysis. A file containing 3-hour averaged
data of the primary variables distributed across 38 vertical pressure layers on
OVRO site is downloaded. The short name file is M2I3NPASM, specifically
from March 25, 2019, at 15:00 GMT, as close as possible to the timing of the
COMAP data.OVRO is in the Owens Valley at ~ 1.2 km above sea level (a.s.l.),
its coordinates are (37.23, —118.282) and the pressure registered in Weather group
of obsid4386 file is 883.04 mbar. The following grid around OVRO is proposed:
(-118.653, 36.426), (-118.653,37.757), (-116.830, 36.426) and (-116.830,37.757) as
shown in red triangles on Figure 4.3.1. The objective is to find a point within
the MERRA-2 data that closely corresponds to the observatory’s location and

pressure to simulate the atmospheric conditions as accurately as possible. Within
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the grid, there are six points (blue triangles). The point satisfying all conditions
is the blue triangle at the Valley with coordinates (36.5,-118.0) near Owens Lake.
This point is at 900 mbar of pressure, ~ 85 km from OVRO and ~ 1.2 km a.s.l.
Another potentially useful point is located at coordinates (37.0, -118.0), but is
excluded despite having a pressure of 811 mbar. This exclusion is due to its
location in the mountains, making it not adequately representative of the valley’s

climate.
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Figure 4.3.1: The red triangles indicate the four coordinates entered in the
MERRA-2 platform to download the atmospheric .nc file for the region surrounding
the OVRO site (yellow star). Six coordinates extracted from the file are shown
as light blue triangles. Among them, the coordinate adjacent to Owens Lake
(light blue circle) was selected for further analysis, as it exhibits pressure and
geographic conditions similar to those of the OVRO site. The location of the
Bishop meteorological station is also displayed.

2.- Identifying and to prepare the variables for atmospheric study. Once
the file was obtained, the relevant variables were identified by their names: pressure
layer edges as lev, temperature as T, specific humidity as QV and ozone as O3.
It has already been mentioned the data are distributed in 38 vertical pressure
layers which has units of Pascal (hPa). T has units of Kelvin (K), QV and O3

have units of Kg/Kg which indicates a mass mixing ratio (mmr) between desired
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gas mass quantity and dry air mass quantity.

Atmospheric profiles and the AM model require converting QV to water molecules
(H20) in a volume mixing ratio (vmr). Besides, O3 must also be converted to vmr.

The transformation of QV to HyO and Og both in vmr are given by:

QVirr  28.964

1.0 — QVppr  18.015
28.964

Smmr " 47 9982

H2 Ovmr =

(4.3.1)

Ovar =

(4.3.2)

where 18.015 is the water molecular mass, 47.9982 is the ozone molecular mass,
and 28.964 is the dry air molecular mass. All in units of grams/mol. The variables
in the atmospheric profiles are correctly expressed in parts per million (ppm),
therefore, the equations 4.3.1 and 4.3.2 must be multiplied by 1-10°. An important
final consideration is that the pressure should be expressed in mbar rather than
Pa, where 1 mbar = 100 Pa.

3.- Constructing the MERRA-2 atmospheric profiles. The profiles for the
selected point at the OVRO site on March 25, 2019, at 15:00 GMT are shown
in Figure 4.3.2. The temperature, water vapor, and ozone profiles are plotted
directly at the edge of the pressure layers in the left, center, and right panels,
respectively. The edge layers are indicated as lev parameter in MERRA-2 file.
The data are represented in blue points and varies in pressure between 0.1 and
900 mbar divided in 38 layers.

4.- Preparing the AM configuration file. As mentioned in the section 4.3.1,
the configuration file expresses the atmosphere behavior on the site study, in this
case, the OVRO site. To prepare the file, it is necessary to consider: 1) the OVRO
pressure of 883.044 mbar, 2) the initial pressure of Py = 0.01 hPa, which is the
same in all MERRA-2 grids, 3) the temperature data at the edges of the pressure
layer, and 4) the specific humidity and ozone data at a point in the middle of the
pressure layers pl. Since these layers are not in the MERRA-2 file, it is necessary

to create them. Reinecker 2007 (citarlo) indicates that pl is obtained as follows:
pln, = ple, + delp,, /2 (4.3.3)

where, ple is edge-layer pressure n and delp, = ple, 1 — ple, is the difference

between one layer n and the next n + 1. The & symbol indicates the upper or
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lower mid-point of the edge of a pressure layer n. To calculate the mid-points
required for this study it is necessary to find the upper mid-points, therefore the

minus symbol will be used. It must also be included F, at the beginning of [ev.

e Pressure layer edge - original MERRA2 grid
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Figure 4.3.2: Temperature, water vapor and ozone profiles using the MERRA-2
original grid. The pressure range varies from 0.1 up to 900 mbar.

The penultimate layer is at 875 mbar, so the OVRO pressure of 883.044 mbar
must be added, making it the lowest edge of the pressure layers instead of 900
mbar. Therefore, the edge-layer pressures now ranges between 0.01 and 883.044
mbar, denoted as lev,,,,, which corresponds to ple in equation 4.3.3. This new
pressure will be utilized as the pressure layers in the configuration file. The delp
calculation is performed using lev,.,. By applying equation 4.3.3, the pressure
layers mid-points pl are determined, varying between 0.05 and 879.022 mbar.

Since two points were added to lev,.,, a first-degree spline interpolation is
conducted to find these two data points for each variable. Specifically, the
scipy.interpolate package within the SciPy module of Python is utilized. The
routine interpolate.splrep is employed to determine the spline coefficients. The data
sets (z,y) used are from the original MERRA-2 grid. The y variables include T,
H5O4, derived from QV,,m, and O3, while the x variable represents the pressure

in lev. Additionally, interpolate.splev is applied to compute the spline based
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on the obtained coefficients, which are then evaluated at lev,., or pl pressure,
depending on the variable. Consequently, the variables T, HyO,,,,, and O3 are
not the same as their original MERRA-2 grid values, therefore, they will now be
referred to as T, HoOl and O3,,.,. These new interpolated values will be
entered into each layer of the AM configuration file.

Figure 4.3.3 displays the temperature, water vapor and ozone profiles incorporating
the new data. Each panel provides an extended view to better visualize the final
layers. The blue dotted line represents the original MERRA-2 grid up to 900

mbar of pressure, corresponding to the lev parameter in the file.
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Figure 4.3.3: Temperature, water vapor, and ozone profiles are derived using
the original MERRA-2 grid (blue dotted lines) and the newly interpolated
data (orange dots). The pressure values at the edges and the corresponding
interpolated variable values will be utilized in the AM configuration file.

The orange dots indicate the interpolated points for the three variables. In the
temperature panel, these points represent the pressure layer edge using lev,e,
pressure and the values of the interpolated temperature. For the water vapor
and ozone panels, these points illustrate the pressure layers mid-points pl and the
values calculated with the interpolation method. The OVRO pressure is depicted

as a green dot in each panel.
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As a result of applying this procedure to the water vapor profile, it becomes
possible to determine the precipitable water vapor (PWV) over the OVRO site,
which is discussed in the following section. The AM configuration file must have
.amc format. Its structure is presented in Figure 4.3.4. The upper left side
provides an example of how to enter the input parameters when executing the

configuration file.

? Usage:
?  am this_file f_min f_max df zenith_angle trop_h2o_scale_factor layer stratosphere
? Example: Pbase 4.0800000800e+01 mbar
? am this_file @ GHz 300 GHz 10 MHz © deg 1.@ Tbase 213.69015582929688 K
2 column dry_air vmr
F¥1 %2 %3 % %5 %6 column h2o vmr 4.7445952892e-86
output £ GHz tau tx Tb K Trj K column o3 vmr 3.8310768684e-06
za %7 %8
tol le-4 layer stratosphere
Pbase 5.08000000008e+01 mbar
Nscale troposphere h2o %3 Thase 212.0152587890625 K
column dry_alr vmr
T 2.7 K column h2o vmr 4.569954156%9-06
column o3 vmr 2.6278406382e-86
layer mesosphere
Pbase 1.00808001492-81 mbar]| layer stratosphere
Thase 239.80264282226562 K Pbase 7.8000000000e+81 mbar
lineshape Volgt-Kielkopf Thase 213.24368286132812 K
column dry_air vme column dry_air vmr
column h2o wvmr 3.1492528328e-86 column h2o vmr 4.3937566280e-06
column o3 vmr 4.2796383541e-87 column o3 vmr 1.7881878542e-86

layer mesosphere
Pbase 3.0000001192e-081 mbar
Thase 245.18245095703125 K
lineshape Voigt-Kielkopf

column dry_air vmr layer tropospnere
column h2o vmr 4.1873466969e-86 Pbase B.5000080080=+02 mbar
column o3 vmr 8.7084414201e-07 Thase 282.44423076171875 K
column dry_air vme
layer mesosphere column h2o vmr 3.9638709229e-63
Pbase 4.0000200596e-81 mbar column o3 vmr 5.1594752818e-28
Thase 246.41270446777344 K
lineshape Voigt-Kielkopf layer troposphere
celumn dry_air vmr Pbase 8.750002008080e+82 mbar
column h2o vmr 5.1921489239%e-86 Tbase 285.81396484375 K
column o3 vmr 1.3253600001e-06 column dry_air vmr
column h2o vmr 3.9978838623e-83
layer mesosphere column o3 vmr 5.1789959283e-88
Pbase 5.0000200800e-081 mbar
Thase 248.81491988867188 K layer troposphere
lineshape Voigt-Kielkopf Pbase 8.8304485371e+82 mbar
column dry_air vmr Thase 286.47911146284997 K
column h2o vmr 5.6208791733e-86 column dry_air wvmr
column o3 vmr 1.6264995337e-06 column h2o vmr 3.6583556028e-03

column o3 wvmr 5.2017828271e-88

Figure 4.3.4: The configuration file of the AM Model is detailed. The top-left
section demonstrates how to execute the file in the command line. Below, the
frequency lines f, the zenith angle za, the tropospheric scaling factor, and the
CMB temperature are provided. In addition, the paragraphs list the atmospheric
layers to which their respective pressure, temperature, water, and oxygen content
are associated, derived from the data provided by MERRA-2 for OVRO.

In this atmospheric study, the radiation impacting the atmosphere from space is
the CMB, so its temperature should be considered as "T0 2.7 K". The atmospheric
layers are then constructed using the new variables obtained through the previous
procedure. The layer name can be the mesosphere, stratosphere, or troposphere;
"Pbase", corresponding to lev,,; "Tbase", referring to T},.,; the "column h2o
vmr" corresponding to HoO"; the "column o3 vmr" referring to O3,,.,; and
the "column dry air vimr" indicating the air molecular mass. Additionally, a
line labeled "lineshape Voigt-Kielkopf" is applied only at the mesosphere. It is

important to mention that the configuration file is executed for the COMAP
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frequency range between 26 and 34 GHz with a spectral resolution of 1.953125
MHz at 6, = 0° (zenith), and with nsacle = 1.0 for the OVRO site on March 25,
2019. The configuration file is executed for seven more zenith angles: 3.5°, 10°,
20°, 30°, 40°, 50° y 60° in equivalence with elevation angles from COMAP skydip:
86.5°, 80°, 70°, 60°, 50°, 40° and 30°.

Explaining the implementation of the configuration file in this investigation is
not as crucial as presenting its results. Therefore, section 4.3.1 provides detailed
information on this. Two output files are generated in .err and .out formats
from the configuration file. Figure 4.3.5 presents the main sections of the .err
file obtained upon executing the AM configuration file. This file contains crucial

information about the model’s execution and its success.

# am version 12.2 (build date Jun 22 2022 14:57:18) nee
layer troposphere

# P 879.022 mbar

# T 286.147 K

# dP B8.04405 mbar

Pbase 883.84485371 mbar (observing level)
Tbase 286.4791114628 K

# run time 29.830 s
# dcache hit: @ miss: 380 discard: 380

f 26.801953125 GHz 28 GHz 1.953125 MHz

output f GHz tau neper tx none Tb K Trj K Mair 28,964 h2o 03 (28.9239)
lineshape Gross chd co co2 n2o 02_uncoupled o3
tol 0.0001 lineshape WH_coupled 02_coupled
selfbroad_var_tol 8.003 lineshape WH_75@ h2o_lines
colunn dry_air hydrostatic (8.996342) (1.78159e+23 cm*-2)
geometry plane-parallel column h2o hydrostatic ©.0036583556028 (6.24789e+20 cm™-2) (* 1.00000)
refract none column o3 hydrostatic 5.2017828271e-88 (8.88382e+15 cm*-2)
za @ deg

PTmode Pbase Thase # column densities [cn*-2], including scale factors

column dry_air hydrostatic (8.999996) (2.12017e+21 cm*-2)

5 : g 882585 DU 88,2505 DU
! Warning: Column included 9 unresolved lines. ¢ ) ¢ )
column h2o hydrostatic 3.1492520328e-86 (6.67697e+15 cm*-2) total (38 layers):
! Warning: Column included 5 unresolved lines. dry_air  1.871006e+25 1.8718862+25
column o3 hydrostatic 4.2796383541e-07 (9.87359%e+14 cm*-2) h2o 1-(:_2’3?5:??2 ) 1625335;*22 )
2 e = - .85 un_pwv .85 um_puv
! Warning: Column included 31 unresolved lines. o3 B.228486es18 8. 2284860418

#

# zenith Tina-of-sight
g 980.665 cm*s”-2 # nesosphere (5 layers):
dg_dz @ s*-2 " dry_air 1.483115e+22 1.2881150422

a # h2o 7.26B410e+16 7.268010416

¥ (9.8217441 un_pwv) (88217441 un_piv)
Nscale troposphere h2o 1 # 03 1.968025e+16 1.968825e+16

# (8.732479 DU) (9.732479 DU)
™ 2.7 K #

# stratosphere (12 layers):

@ dry_air 1.4692670424 1.469267e424
layer mesosphere # h2o 1.239743e+18 7.239703e418
#P 0.1 mbar # (2.16584 un_pwv)  (2.16584 um_puv)
# T 239.803 K # o3 5.837696e+18 5.837690e+18
#dP 0.1 mbar # (217.273 0U) (217.273 DU)

#

Pbase .10000000149 mbar A R T

Tbase 239.8026428223 K # dry_air 1.722596e+25 1.722596e425
Mair 28.964 h2o o3 (28.964) W h2o 1.928624e+22 1.9286280+22
lineshape Voigt-Kielkopf ché co co2 h2o_lines no o2_coupled o2_uncoupled o3 | # (5769.66 un_pwv)  (5769.56 um_puv)

# 03 2.371116e418 2.371116e418

#

#

#

#

#

#

#

#

(386.256 DU) (386.256 DU)

aes

Figure 4.3.5: Description of the AM model .err output file. The top-left
section displays the AM software version and the execution time of the
configuration file. It then outlines the utilized frequencies and the output
variables listed in the .out file: frequency f, opacity tau, transmittance
tx, brightness temperature tb, and Rayleigh-Jeans temperature ¢rj. The
file sequentially details the execution of each pressure layer, along with
corresponding temperature values and molecule quantities per layer. The
lower-right section includes a relevant measurement: the total water vapor
molecules per cm?, converted into precipitable water vapor (pwv), presented
at the zenith angle and at the line-of-sight angle, which may coincide.

It verifies if the input frequency, resolution, output parameters, and their sequence
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in the .out file are accurate. The zenith angle evaluated by the model and the
nscale used are also displayed. Subsequently, the atmospheric layers are shown
in blocks, starting from the lower pressure at higher altitudes and progressing
downward. The ellipsis indicates that 36 additional layers are included in the
complete file. Each block provides essential details included in the .amc file,
such as the base temperature (Tbase) and pressure (Pbase), as well as new
information like the pressure thickness (dP) and the molecular content of water
vapor and ozone per layer. This example only displays the first and last block.
At the end, the file summarizes the total molecules at the zenith and along the
line of sight. At the bottom right side appears an important parameter called
"um_ pwv", which indicates the amount of PWYV obtained through this method.
Figure 4.3.6 illustrates a little section of the .out file obtained upon executing
the AM configuration file. This file lists the spectral parameters under study.
It presents five columns: the first is the frequency (f GHz), the second is the
atmospheric opacity (tau), the third is the atmospheric transmittance (tx), the
fourth is the atmospheric brightness temperature (Tb K) and the fifth is the
atmospheric Rayleigh-Jeans temperature (Trj K). This work will analyze the
frequency, atmospheric brightness temperature, and opacity across the mentioned

zenith angles.

2.7898438e+81 2.858253e-82 9.718998e-81 1.018547e+81 9.450787e+80
2.7900391e+81 2.858167e-82 9.719007e-81 1.010521e+81 9.450491e+80
2.7902344e4+81 2.856084e-82 9.719015e-81 1.010497e+81 9.450208e+80
2.7904297e+01 2.850002e-82 9.719823e-01 1.018473e+81 5.449914e+00
2.7906250e+01 2.849923e-82 9.719830e-01 1.018445e+81 5.449632e+00
2.7908203e+01 2.849846e-82 9.719838e-01 1.018426e+81 5.449355e+00
2.7918156e+81 2.849778e-82 9.719045e-81 1.018483e+81 9.449882e+80
2.7912189%e+81 2.8496%e-82 9.719052e-81 1.010388e+81 9.448812e+00
2.7914862e+81 2.849624e-82 9.719068e-81 1.010358e+81 9.448547e+80
2.7916816e+81 2.849553e-82 9.719066e-81 1.010336e+81 9.448285e+80

Figure 4.3.6: A segment of the .output file generated in
this atmospheric study is shown.

4.3.2 Precipitable Water Vapor at Specific Time

As mentioned in the previous section, determining the amount of precipitable
water vapor at the OVRO site is a result of the procedure used to construct
the AM configuration file. The pwv can be derived using Equation 3.12.2. The
previously introduced variables are employed; delp corresponds to the difference

between layers, such delp,, in Equation 4.3.3. To determine the specific humidity
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qu, the reverse process is applied by using the Equation 4.3.1 on the interpolated
H,0Ol¢v data. By integrating the specific humidity data across all pressure layers,
the pwv is calculated to be 5.753 mm at the OVRO site. This value can be
directly compared with the PWV obtained from the .err output file when the
configuration file is executed. In this case, the PWV amount is 5.772 mm, resulting
in a difference of 0.0181 mm between two methods. It is important to emphasize
that the water vapor profile in Figures 4.3.2 and 4.3.3 will not exhibit the same
behavior across the pressure range if the amount of PWV varies. This variation

could be clearly visible in the pressure layers nearer to the site, indicating that

the water vapor profiles change depending on the day and time.

4.3.3 Power Data Calibration to Brightness Temperature

This section constitutes the core of the MERRA-2 data validation. It outlines
the procedure implemented to determine atmospheric opacity at the OVRO site
and evaluates it against the simulated opacity derived from the AM model using
MERRA-2 data, previously introduced in Section 4.3.1.

The analysis relies on a COMAP file, obsid4386 (Table 4.1.1), which includes
a skydip scan suitable for this study. Figure 4.3.7 illustrates the skydip power
data recorded for the 19 pixels on March 25, 2019, between 14:18 and 14:26
UTC. This file was selected due to its inclusion of power measurements at
various elevation angles and loaddata, both essential for determining the antenna
temperature. The scan sequence begins with an ambient load placement, followed
by an atmospheric sweep of the radio telescope in elevation, another ambient load,
a second atmospheric sweep, and a final ambient load. The skydip motion spans
elevation angles of 30.° < 6., < 86.5°, oscillating at an azimuth angle of -30.°.
The power measurements P(v, ) in the scan are described by the general power
equation (Section 3.11), which depends on the frequency v and the elevation angle
0, varying over time. Each of the 19 pixels, across four frequency bands and 1024

spectral channels, follows:
Pw,0) =k-Av-G - [Try(v) + Tan(v,0)] (4.3.4)

where k represents the Boltzmann constant, Av the system’s bandwidth, and
G the system’s gain, considered invariant over short time intervals. The term

k- Av - GG remains constant but is not directly available in the data.
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Figure 4.3.7: Power of 19-pixels, 4 bands from obsid4386 file are shown. The
A:LSB, A:USB, B:LSB, and B:USB bands are presented in blue, orange, green,
and red lines. For each pixel and band, all useful spectral channels are averaged.
The sky scan between 30° and 86° elevation takes about 8 minutes, including
three calibrations.

The system temperature, Tsys = Try (V) +T ant (v, 8) where the receiver temperature,
Tr:(v), is estimated using the Y-factor method (Equation 3.11.1), previously

described in Section 4.2.1. The antenna temperature, T4, (v, ), is defined as:
TAnt (V, 9) = TCMB (9) + TATM (V, 9) + Tsp (V, 9) (435)

where Topp =2.73 K corresponds to the cosmic microwave background (CMB),
while T'arar and T, represent the atmospheric brightness temperature and spillover
contribution, respectively. Both are unknown variables, making T4,;(v, 6) the
primary focus of the analysis. Notably, Equation 4.3.5 excludes an astronomical
source contribution (Tseurce), present in Equation 3.6.2 of Section 3.6.2. This
omission is justified since the study aims to examine atmospheric effects through
a skydip scan, incorporating atmospheric information within the power data
recorded in obsid4386 file. Equation 4.3.4 cannot be directly solved due to the
presence of two unknowns. Consequently, the antenna temperature is determined

using two reference points:

1. The load system temperature and power (P.q(v),1}.2), available in the
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housekeeping and TOD power data, respectively:

Proaa(v) =k - Av - G+ [Tre(v) + Tioad] (4.3.6)

2. The sky system temperature and power at a specific elevation angle

(Peky(v,0), Tgy (v, 0)), where only the sky power is included in the TOD

power data:
Py (v,0) =k-Av-G - [TRI(V> + Ty (v, 9)} (4.3.7)

The radio telescope records power data up to an elevation of 86.5° (or 3.5° from
the zenith), the angle at which the parameter Py, (v,0) is extracted. Since the
sky temperature is not directly available in the data, it must be inferred through
atmospheric model at the same elevation angle. In this case, Ty, (v, 6) results
from the combined contributions of atmospheric noise, the Cosmic Microwave
Background (CMB), and spillover effects, as described in Equation 4.3.5. The
atmospheric brightness temperature at an elevation of 86.5° is simulated using
the AM radiative transfer model (Sections 3.12.3 and 4.3.1), represented by the
blue line in Figure 4.3.8.
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Figure 4.3.8: Simulated atmospheric brightness temperature at 86.5°
elevation from AM radiative transfer model is shown in the blue line, for
a pwv of 5.7 mm. The simulated temperature plus 6 K of spillover is
shown in the orange line.
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The CMB contribution is already included in this model. The spillover effect
at the zenith corresponds to a fixed value of 6 K, which has been added to the
simulated atmospheric brightness temperature values, shown by the orange line in
Figure 4.3.8. This 6 K excess noise was measured by Lamb et al. [31] through
system noise comparisons with and without the secondary installed in the initial
receiver system configuration. Additionally, Foss et al. [25] state that most of this
noise originates from illumination spillover around the primary reflector, with a
secondary contribution arising from ground signal reflections off the secondary

support legs.

Continuing with Equations 4.3.6 and 4.3.7, both are linear, and the only unknown
parameter, k - Av - G, remains constant over a short time interval, corresponding
to the slope. By leveraging this linearity, a first-degree polynomial fit* is applied
to the reference points, determining the slope (m) and y-intercept (F). Using

these coefficients, a general power equation is derived:
P(v,0) =m- [Trye(v) + Tant (v, 0:0)] + Py (4.3.8)

where the only unknown variable is the antenna temperature. Solving for T, (v, 0)

yields:
P (V, 9) - P()

m

Tant (v,0) = — Tre(v) (4.3.9)

where P(v,0) represents the skydip power data per pixel, frequency band, and
spectral channel, varying with elevation over time, as recorded in obsid4386
file. Additionally, Tg.(v), the receiver temperature, is computed for each pixel,
band, and spectral channel. It is important to highlight that obtaining T4, (v, @)
constitutes the calibration to temperature units from power units and corresponds
to the antenna temperature of each power measurement within the skydip section
of the analyzed file.

Figure 4.3.9 presents, as an example, the power sections for spectral channel 550
of pixel 1 in the four frequency bands employed to apply the previously described
procedure. Determining the coefficients of the first-degree polynomial fit requires

both load and sky power values, represented by the light blue and light green lines,

3Polynomial fitting in Python using np.polyfit: fits a polynomial p(x) = p[0] - x99 + ... + p[deg]
of degree deg to data points (x, y). The function returns a vector of coefficients that minimizes
the squared error £ = Z?:o Ip(z;) — ;>
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respectively. To obtain a single value, 100 load power data points are averaged,
following the same approach for the sky power data. From the housekeeping
records, the load temperature corresponding to the same time instant as the load

power measurement is retrieved, yielding 7j,,q =273.14 K.
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Figure 4.3.9: The power scan for pixel 1 is shown in all 4 spectral bands for
spectral channel 550 and their respective useful sections during the scan. The
A:LSB, A:USB, B:LSB, and B:USB bands are presented in blue, orange, green,
and red lines. The calibration sections are represented in light blue and light
green lines, while the load status is represented in a red cross, both of which are
positioned over the power data for visualization only. The skydip sections are
shown in yellow lines.

Additionally, the sky power is considered at the closest possible elevation angle
to the zenith (0,, =0°) found in the recorded data, specifically 6., =86.5°.
Consequently, the sky reference point in Equation 4.3.7 is not directly at the

zenith but at 0., =4° in terms of the zenith angle. This distinction is crucial, as
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the simulated atmospheric brightness temperature derived from the AM radiative
transfer model must now be computed at this adjusted angle, Tarp (v, 6., = 4°),
ensuring proper usage as a reference. To determine the antenna temperature
values associated with power measurements, Skydip power data, illustrated by
the yellow lines, are used, computing it at each point of both Skydips individually.
To illustrate the T, calculation, spectral channel 550 (26.927734 GHz) of pixel 1
in band A:LSB is selected from the second Skydip scan in Figure 4.3.9 for a point

within it at 30° elevation as a reference. The procedure follows these steps:

1. Compute the Y-factor using Equation 3.11.1:

yriarss _ Pod 0 _ 2756538.25 deu
pLLALSE — 404865.91 deu

sky

= 6.808521 (4.3.10)

2. Determine the receiver temperature using Equation 3.11.5:

: P1,A:LSB
Tload _ YPLA.LSB N

TPLA:LSB _ sky
Rz Y PLALSB _ |
273.14 K — 6.808521 - 16.33 K
- 6.808521 — 1
=27T88 K (4.3.11)

Note that the Y-factor and Ty, are different for each pixel, band, and
spectral channel. Figure 4.3.10 presents the Ty, for all pixels, bands, and
spectral channels registered in obsid4386 file. The Tg, generally exhibits
smooth behavior, with pronounced noise spikes, particularly in the lower half
of band A. Lamb et al. [31] reports that no exact cause has been identified
for these spikes; however, they result from the interaction between the
polarizers and the corrugated horns. In contrast, specific noise spikes at the
edges and center of each sideband, corresponding to spectral channels 1,
513, and 1024 (orange peaks), are common to all pixels, are associated with
the DC component and its Nyquist alias, and will therefore be removed in

the proposed procedure.
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Figure 4.3.10: Receiver temperature for the 18 pixels in all COMAP spectral
ranges is shown. The orange spectral channels are not used in the procedure.

3. Apply a first-degree polynomial fit to the reference points to obtain the
coefficients. In this case, the reference values are P, =2756538.25
deu, T;7° =301.03 K, Py, =404865.91 dcu, and Tj,i’; =44.21 K. The
resulting coefficients are the slope m =9157.08625 dcu/K and the Y-intercept

Py =1.33528798%x 1072 dcu.

4. Evaluate the antenna temperature using Equation 4.3.9. Substituting the

corresponding values, the result is:

P1,A:
pPEL LSB_P

: o 0 JA:
rpesn 2 BT B s,
493267 dcu — 1.3352 1072 d
_ 93267 dcu 33528798 x 10 cu o788 K
9157.08625 deu/ K
= 25988 K (4.3.12)

Thus, at an elevation of 30°, the antenna temperature for spectral channel 550 of
pixel 1 in band A:LSB reaches 25.98 K. Based on this value, T4,,;(v, #) is obtained

for all pixels, bands, and spectral channels within the skydip power sections. The
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antenna temperatures from both power sections associated with identical elevation
angles are averaged, generating a T, (v, 0) sweep between 30.° and 86.5° elevation

for each pixel.

Figure 4.3.11 presents the antenna temperature averaged from the skydip for 19
pixels across the entire COMAP frequency range, considering seven elevation
angles: 30.°, 40.°, 50.°, 60.°, 70.°, 80.° and 86.5°.
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Figure 4.3.11: Antenna temperature from 19-pixels power calibration is
shown over the COMAP frequency range. Each pixel presents seven curves
corresponding to different elevation angles obtained from the skydip. Standing
waves and abrupt drops are displayed at pixels 4, 6, 7, 15, and 18, which are
not considered.

The antenna temperature exhibits a range of variation between approximately
15 K and 30 K. Certain pixels, such as P4, P6, P7, P15, P18, and P19, show
erratic behavior, characterized by standing waves and abrupt drops within the
frequency range of 30 to 34 GHz. Specifically, Foss et al. [27] reported data from
feeds 4, 6, and 7 were not used in the final analysis of Session 1. Feeds 4 and 7

were used for engineering testing and did not generate useful data, while feed 6
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exhibited significant systematic errors. The antenna temperature changes with
the elevation angle; T'4,,; reaches minimum values when the antenna is positioned
at 0., = 86.5° and increases as the elevation angle decreases attributed to higher
atmospheric contribution and ground spillover effects. It is important to highlight
that certain spectral channels were excluded due to their inferior performance
relative to the others. Specifically, channels 2 and 3 within the 30 to 32 GHz
frequency range (B:LSB) were omitted for pixel 10, while channels 0, 513, and
1024 were discarded for all pixels.

Figure 4.3.12 shows the average of well-behaved pixels: P1, P2, P3, P5, P8, P9,
P10, P11, P12, P13, P14, P16 and P17. These are averaged to mitigate noise
in the data and enable a comparison with the simulated spectra from the AM

radiative transfer model.
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Figure 4.3.12: Averaged antenna temperature over the COMAP frequency range
derived from the well-behaved pixels is shown. Seven temperature curves are
displayed, each corresponding to a distinct elevation angle, starting at 30° (blue
line) up to 80° (light blue line), including 86.5° (brown line).
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Figure 4.3.13 compares the averaged antenna temperature (blue line) with the
simulated atmospheric brightness temperature spectrum (orange line) from AM
radiative transfer model. Each frame corresponds to a specific elevation angle.
Notably, an excess temperature compared to the simulation is evident, attributed

to a spillover effect.
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Figure 4.3.13: Comparison between the antenna temperature calculated at
seven elevation angles from the power calibration of the averaged pixels and
the atmospheric brightness temperature simulated by the AM model. Both
temperatures are presented within the COMAP frequency range (26 - 34 GHz).
Each panel displays the results obtained at a specific elevation angle, starting
at 30° in the top-left panel and progressing in 10° increments up to 96.5° in the
seventh panel.

The excess temperature for the seven elevation angles is shown in Figure 4.3.14. It
ranges from approximately 9 K at 6., =30° (first row, first column) and around 6
K at 6., =86.5° (third row, first column). At 86.5°, the curve around 6 K is fully
comparable to Lamb et al. [31], with the only difference being that, in this case, all
pixels are averaged, whereas the referenced study presents the excess temperature

for two individual pixels when pointing at zenith. Lamb et al. [3/] measured
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this excess, attributing it to spillover illumination around the primary, combined
with ground-reflected signals. Lunde, J. G. S. et al. [35] specifically analyzed and
characterized the interaction of these ground signals with the sidelobes, reinforcing
the impact of spillover on the observed data. Lunde, J. G. S. et al. [38] combined
the antenna radiation pattern simulation with the horizon elevation profile of the
OVRO site, finding that ground pickup spillover varies from 0 K at zenith to 8
K at the horizon. Consequently, Figure 4.3.14 presents a result that integrates
both contributions and, as Lunde, J. G. S. et al. [35] indicated, demonstrates that
spillover decreases with increasing elevation angle. Since temperature exhibits
uniform behavior across the frequency range, it is averaged for each evaluated

elevation angle, enabling characterization for any elevation angle.
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Figure 4.3.14: Ground spillover at different elevation angles.
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Figure 4.3.15 illustrates the spillover data and its characterization via an

exponential fit:

Typ=0b-e"%+c (4.3.13)

where, a = —2.43, b = 10.0, ¢ = 5.74 and X is the elevation angle in radians. While
Lunde, J. G. S. et al. [35] derived a spillover model through simulations, the present
study establishes an alternative model based on experimental measurements,

extending its applicability across a broad elevation range.
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Figure 4.3.15: The exponential fit to the spillover data (blue triangles)
as a function of elevation angle at 330° azimuth is shown in orange

dashed line.

Subtracting the spillover temperature from the COMAP averaged antenna
temperature allows for a comparison with the simulated brightness temperature
spectrum, as illustrated in Figure 4.3.16. At this stage, the COMAP calculated
brightness temperature Ts = Toag + Tarr, facilitates a direct comparison with
the simulated brightness temperature. A strong correlation between the data
and the behavior illustrated by the AM radiative transfer model is observed. At
low frequencies, the brightness temperature simulation performs adequately with
respect to the temperature calculated from the COMAP data, particularly where
the 22 GHz water line influences the results. However, at lower elevation angles,
the data within the 29 to 30 GHz range exhibit a slight temperature increase
relative to the simulation. It is important to note that the COMAP calculated
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brightness temperature has been obtained by the skydip process, although results
are presented for only seven elevation angles. This approach allows the zenith

opacity to be calculated for each COMAP spectral channel.
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Figure 4.3.16: A comparison of atmospheric brightness temperatures obtained
from the COMAP power calibration and the AM model simulation is shown.
starting at 30° elevation and increasing to 80° elevation, in steps of 10°, including
86.5° near the zenith.
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Figure 4.3.17 displays the calculated brightness temperature for the 26.927 GH=z
frequency within the range of 1.0 < am < 2.0 airmass (or 30° < 0., < 86.5°
elevation angles), accompanied by an exponential "tipping curve" fit to the
atmospheric temperature plus CMB. The obtained zenith opacity for 26.927 GHz
is 7 =0.03013 neper. The point where the fit plateaus is not observed, possibly

due to the lack of data below 30° elevation or 2 airmass.
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Figure 4.3.17: The atmospheric brightness temperature at 26.927 GHz across 1
and 2 air masses is presented in a blue line. An exponential fit, shown in an orange
line, is applied to T to determine the atmospheric opacity, yielding 7 =0.03013
Neper at 26.927 GHz in 86.5° elevation.
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Figure 4.3.18 illustrates the calculated zenith opacity (blue line) from the
exponential fit across the COMAP frequency range and compares it with the
simulated opacity in the zenith from the AM radiative transfer model. The
percentage error between the simulated and calculated opacity across all spectral

ranges is 3.92%.
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Figure 4.3.18: Calculated and simulated opacity curves for March 25, 2019,
at 15:00 hrs, at the OVRO site are shown. The zenith atmospheric opacity,
derived from skydip power measurements within the COMAP frequency range, is
presented in a blue line. The simulated atmospheric opacity obtained using the
AM model is shown in an orange line, for a pwv of 5.7 mm.

This low error indicates a strong agreement between the observed and simulated
opacity values, validating the MERRA-2 data and suggesting that the atmospheric
parameters it provides, such as temperature, pressure, and water vapor content,
accurately represent the actual atmospheric conditions over the site. The
consistency between the calculated and simulated opacity further supports
the reliability of MERRA-2 atmospheric database as a source for atmospheric

modeling.
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Since the percentage error between the calculated and simulated opacity is
negligible, the same power-to-brightness temperature calibration procedure is
applied to the dataset under analysis, but considering a more restricted elevation
range, specifically a short skydip power data between 40° and 60° of elevation.
Foss et al. [25] reported that data collected during Session 1 at elevations above 65°
and below 35° were susceptible to ground contamination through the main beam
and sidelobes, leading to their exclusion from the final results. To mitigate this
systematic error, short skydip scans were introduced. Accordingly, an assessment is
required to determine whether these scans enable the retrieval of zenith atmospheric
opacity with an error percentage comparable to that obtained from the long skydip
(Figure 4.3.18). The calibration process for the short skydip differs from that
applied to the long skydip in terms of sky calibration.
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Figure 4.3.19: The upper panel shows the power for spectral channel 500 of pixel
1 in the A:LSB band for file obsid4386. The lower panel presents the elevation
angle covered by the radio telescope during the full scan. The long skydip, in
yellow, illustrates the power between 30° and 86.5° elevation. The short skydip,
in orange, represents the power between 40° and 60°. For comparison, the sky
power at 60° and at 86.5° is shown in green and red, respectively.
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Unlike the previous case, the 86.5° elevation is no longer considered for either the
sky power or the sky temperature. Instead, an elevation of 60° is used, as indicated
by green dots in Figure 4.3.19. The spectral channel 550 power for pixel 1 in the
A:LSB band is presented to illustrate the new skydip power section, highlighted
in orange, in comparison to the long skydip power section, shown in yellow. The
previous sky power at 86.5° appears as red dots. Additionally, the elevation angle
of pixel 1 is included, depicting the elevation ranges associated with each power
section mentioned earlier. Based on these data, the same procedure is applied to
derive the zenith atmospheric opacity across the entire COMAP frequency range,

as presented in Figure 4.3.20.
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Figure 4.3.20: Calculated and simulated opacity curves for March 25, 2019, at
15:00 hrs, at the OVRO site are shown. The zenith atmospheric opacity across the
COMAP frequency range, estimated from the short skydip power data, is shown
in blue. For comparison, the opacity derived from the long skydip is also included.
Furthermore, the simulated zenith opacity from the AM radiative transfer model is
presented, for a pwv of 5.7 mm. The discrepancy between the short skydip-derived
opacity and the simulated value is only 4.4%.

The green curve represents the atmospheric opacity simulated using the AM
radiative transfer model. The percentage error between the simulated and

calculated opacity is 4.4%, representing the difference between both values. As
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a reference, the opacity from the long skydip is included in the orange curve.
Above 30 GHz, both calculated opacities are nearly identical, while at lower
frequencies, some discrepancies are observed. The low error confirms that short
skydip measurements can not only be used to validate the MERRA-2 data, but also
facilitate atmospheric studies with high precision, as their opacity results exhibit
a level of agreement similar to that obtained from long skydip measurements,
where the error is 3.92%.

4.3.4 Precipitable Water Vapor over a 24-years Period

Once the MERRA-2 data have been validated using COMAP skydip measurements,
the precipitable water vapor is calculated for a 24-year period, from January 1,
2000, to May 31, 2024. To ensure consistency with the validated MERRA-2 data,
it is essential to use the same type of files previously employed, specifically Np
files, where atmospheric information is distributed across 38 vertical pressure
layers. However, in this case, monthly-averaged data are used instead of three-
hour averages. The files, identified by the short name M2IMNPASM, are directly
obtained from the MERRA-2 platform, totaling 281 monthly files covering the
study period. The procedure described in Sections 4.3.1 and 4.3.2 is followed to
derive the PWYV over the 24 years. Once the water vapor profiles are obtained,
Equation 3.12.2 is applied to integrate specific humidity across the pressure layers,
computing the PWV at the OVRO site, as represented by the blue line in Figure
4.3.21. The PWYV simulated over 24 years using the AM model is also presented
in orange points. In the annual cycles, one maximum and one minimum are
identified. The analysis shows that the highest values occur between June and
August, whereas the lowest are found between December and February. During
the 24-year period, the maximum recorded value reached 28 mm of PWV in July
2018, while the minimum was 4 mm in February 2022. A percent error less of 1%
is found between the simulated and calculated PWYV over the 24-years evaluation.
To understand the climate at the OVRO site, the 24-year period is compared with
the wettest and driest months. Figure 4.3.22 presents a statistical analysis using
a cumulative distribution function (CDF) of pwv as a percentage of observation
time. The blue line represents the entire time period, encompassing all months
and years. The green line represents the driest months, which include December,

January, and February of all years.
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Figure 4.3.21: Variation of precipitable water vapor over a 24-year period at the
OVRO site is shown in blue dot-line, derived from MERRA-2 database containing
monthly-averaged atmospheric variables. The PWV simulated using the AM
radiative transfer model is also displayed in orange dot-line.
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Figure 4.3.22: The cumulative distribution function of PWYV values over the
24-year period is represented by a blue line. This curve is compared to the
distribution for the driest months, December, January, and February (green line),
and the wettest months, June, July, and August (orange line).
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The orange line indicates the wettest months, covering June, July, and August
of all years. It can be observed that approximately 50% of the observation time
corresponds to about 9.5 mm of pwv for the site. In extreme cases, approximately
7.4 mm and 15.7 mm of pwv can be found for the driest and wettest months,
respectively. Table 4.3.1 provides additional information on the climatic statistics
of PWV data at the OVRO site.

Table 4.3.1: Precipitable water vapor over the OVRO site in different
atmospheric conditions.

Observation time (%) 30 50 60 90
Total 8.08 9.45 10.17 16.53
Wettest months 13.32 15.71 16.48 21.69
Driest months 6.68 7.41 7.79 9.47

On Owens Valley, the phenomenon of the Rain Shadow effect plays a significant role
in shaping local climate patterns. This effect occurs as moisture-laden air masses
are forced to rise over the Sierra Nevada mountains, resulting in precipitation on
the western side. However, as the air descends into the Owens Valley, it warms and
dries, significantly reducing rainfall. This leads to drier conditions at the OVRO
site, particularly during the winter months when the Rain Shadow effect is most
pronounced. The data derived from the CDF analysis of PWV further highlight
the valley’s arid conditions, with the driest months of the year corresponding
to the period when the rain shadow effect is strongest, reinforcing the observed
patterns of low water vapor. However, during the summer months, the dynamics
of the climate in Owens Valley change due to the influence of the southeastern
monsoon. This monsoonal flow brings moist air from the Gulf of Mexico and the
Pacific Ocean into the region, significantly increasing the moisture content in the
atmosphere. These conditions often result in sporadic thunderstorms that lead
to rapid increases in PWV| particularly during July and August. The influx of
moisture during these monsoonal storms contrasts with the drier winter conditions
caused by the Rain Shadow Effect, highlighting the seasonal variability in the

valley’s atmospheric moisture levels.
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Chapter 5

Development of Ultra-Broadband
Calibration Loads for the LLAMA
Radio Telescope

This chapter presents the development and characterization of calibration loads
designed at the CePIA Laboratory of the Universidad de Concepciéon for the
LLAMA project (Chapter 2.2). It begins by introducing the fundamental concept
of calibration loads and their intended role within the LLAMA observatory.
Subsequently, the specific requirements outlined by the LLAMA project for
the construction of these devices are described. The chapter then details the
Calibration Loads project’s objectives, outlining the distinct areas into which the
work was organized. Following this, the results of infrared testing are presented,
providing a solid thermal basis that supports progress toward the radiometric
characterization. This final section elaborates on the characterization process, the

analysis of data, and the findings, which proved to be highly satisfactory.

5.1 Calibration Load: Concept and Utility

A calibration load constitutes a fundamental component in radio astronomy
receiving systems, designed to ensure the accuracy of the obtained observational
data. Its primary function is to provide a known thermal reference that enables
the transformation of radio receiver data into scientifically meaningful units, such

as brightness temperature, a key parameter in astronomy, as it represents a direct
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measure of the flux from the observed source, as discussed in Section 3.3.

From a functional perspective, calibration loads are foundational for estimating
instrumental correction factors, including intrinsic system noise, sensitivity
fluctuations, or gain variations in receivers. These parameters are essential
for ensuring the reliability of scientific observations, particularly when employing
techniques such as the Y-factor method, previously detailed in Section 3.11.
Through this technique, thermal loads enable accurate calibration of radio receivers
by reducing uncertainties in estimated parameters, ensuring the reliability of

observational data.

For the LLAMA project (Chapter 2.2), the Y-factor calibration method requires
two thermal loads at significantly different temperatures to enhance the precision
of estimated parameters. One load is proposed to operate at ambient temperature,
thermally stabilized to the Cassegrain cabin temperature of the telescope,
anticipated to maintain approximately 15°C. The second load, intended for higher
temperatures, will be designed based on the thermal and resistive properties of
the microwave-absorbing material selected as the primary component.

The typical design incorporates a metallic base, often aluminum, onto which the
absorbing material is mounted. This configuration allows incident radiation to
penetrate the absorber, reflect off the metallic base, and return to the receiver for
measurement. This design ensures optimal system response across the evaluated
frequency range.

A precise temperature control and monitoring system is vital for maintaining
the functionality of the loads. The physical temperatures of the loads must
be stringently controlled and tracked. For the hot load, the metallic base will
be heated using a regulated heating element, enabling efficient heat transfer to
the absorbing material. Temperature values will be monitored via sensors and
transmitted to a central computer integrated with LLAMA’s control system,
ensuring coordinated and accurate operation of the calibration subsystem.

This approach ensures that thermal loads satisfy the stringent requirements for

supporting high-quality astronomical observations.

With the foundational concepts and applications of calibration loads established,
the next section examines the specific requirements these components must meet

to support the LLAMA observatory’s scientific objectives.
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5.2 LLAMA Requirements

The design and implementation of the calibration subsystem for the LLAMA
radio telescope necessitate adherence to stringent material and performance

specifications.

1.- Primary material. The calibration loads must consist of a microwave-
absorbing material capable of maintaining structural and mechanical stability
over a broad temperature range. Following a thorough assessment of potential
materials, the absorbent tiles manufactured by TK Instruments (UK), known
as TK-RAM (Radar Absorbing Material) tiles, were selected. These tiles are
composed of polypropylene, a thermoplastic polymer shaped through injection
molding to form an array of high-density pyramidal structures. This configuration
is designed to enhance electromagnetic wave absorption and effectively reduce
reflectivity. The dimensions of the pyramidal elements directly correlate with the
frequency range the tiles can cover. Accordingly, two sizes of RAM tiles were
selected to meet LLAMA’s operational requirements (left panel of Figure 5.2.1).
The smaller pyramids, depicted in the right panel of Figure 5.2.1, are effective
for frequencies above 150 GHz, although they exhibit increased reflectivity at
lower frequencies. Conversely, the larger pyramids, illustrated in the central
panel of Figure 5.2.1, operate efficiently from 40 GHz upwards, ensuring superior

performance at lower frequencies.

Figure 5.2.1: TK-RAM tiles used as the primary material for the LLAMA
observatory’s calibration subsystem are shown. The left panel illustrates a
size comparison of the large and small RAM tiles. The larger tiles measure
100x100%x9.5 mm, while the smaller ones are 25x25x5.7 mm, excluding the
pyramidal structures. The central panel provides a microscopic view of the
pyramids on the large RAM tiles, with dimensions of 4x4x5.5 mm. Similarly,
the right panel displays a microscopic view of the smaller pyramids, measuring
1x1x1.3 mm. Each TK-RAM tile contains a total of 625 pyramids.
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Electromagnetic characterization of these materials focused on their reflectivity
and return loss to evaluate their effectiveness as microwave absorbers. According
to the specifications provided by TK Instruments, the smaller RAM tiles achieve
reflectivity below -40 dB at frequencies above 150 GHz, while the larger tiles
exhibit reflectivity below -30 dB for frequencies starting at 40 GHz. In the W-band
(75-110 GHz), the specular reflectivity of the smaller tiles approximates -20 dB,
displaying minimal variation with changes in the angle of incidence.

Simulations conducted using HFSS software by Arti Rani [13] further examined
the performance of the larger RAM tiles at ambient temperature. Due to the
computational demands associated with evaluating the full operational range, the
analysis was restricted to two quarter-pyramid pieces arranged in sequence, as
shown in panel a) of Figure 5.2.2. These pyramids were modeled within a vacuum
waveguide connected to two ports, simulating frequencies between 100 and 500
GHz. The simulation results indicate that the fraction of reflected power remains
consistently near -40 dB across the entire evaluated frequency range, as depicted
in panel b). Likewise, panel c¢) illustrates that the portion of power lost during
signal propagation, or insertion loss, ranged from -16 dB at 100 GHz to -20 dB at
500 GHz, accounting for the signal’s double passage through the material. These
results underscore the suitability of the larger RAM tiles for operation across
a broad frequency spectrum, with reflective properties and insertion losses well

within acceptable limits for submillimeter applications.
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Figure 5.2.2: HFSS simulation of the larger RAM tiles between 100 and 500
GHz. Panel a) shows the arrangement of quarter-pyramids in the simulation,
placed within a vacuum waveguide connected to two ports. Panel b) illustrates
that the reflected power reaches -40 dB within the evaluated frequency range.
Panel c) displays the signal’s insertion loss, which ranges from -16 dB to -20 dB
as the frequency increases from the lower to the higher evaluation range.

It should also be noted that the material exhibits low thermal conductivity,
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approximately 0.5 W/m-K, necessitating significant heating to achieve desired
radiometric temperatures. However, the thermal degradation threshold of
polypropylene, occurring at temperatures exceeding 100°C, imposes an upper

limit on the operational temperature of the tiles.

2.- Dimensions. The effective size of the loads is directly related to the
observation frequency bands utilized by LLAMA and the location of the loads in
the Nasmyth cabin. The beam projected onto the loads for frequency bands 1, 3,
and 9 are 17.2, 8.7, and 6.2 cm at 35 dB, respectively. Consequently, a lower limit
for the effective size of the loads is established, which must not be less than 6.2
cm. Note that the term "effective size of the loads" refers to a surface composed
exclusively of RAM tiles.

3.- Weight. The ideal weight of each load should be 1 kg, which is considered an

acceptable weight for the robotic arm to hold.

4.- Operate at different temperatures. Due to the wide frequency range of
LLAMA observatory, at least two calibration loads will comprise the sub-system.
A significant temperature difference between loads must be achieved to estimate
the instrumental correction factors for the LLAMA receiver. Therefore, at least
one load should be used at ambient temperature while the other operates at higher

temperatures.

5.- Temperature Stability. The loads must remain stable in temperature during

their operation once they are adjusted to a specific temperature.

6.- Temperature Uniformity. The temperature difference across the pyramidal

surface of each load must be less than 1°C.

Considering these LLAMA requirements, the calibration loads project and its

objectives was established.

5.3 Calibration Loads Project

At the CePIA Laboratory of the Universidad of Concepcion, the Calibration Loads
project was conceived with the purpose of developing a calibration subsystem
for the LLAMA radio telescope. A multidisciplinary team of students from
engineering, physics, and astronomy has been instrumental in advancing the

project and ensuring its objectives are met by addressing the diverse challenges it
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entails. Appendix A provides details of the team members and their contributions,
emphasizing their specific roles and the collective impact on the project’s success.
The following section presents the project’s objectives based on the requirements

outlined earlier.

5.3.1 Project Objectives

e Main Objective
Research and develop three calibration loads to characterize the receiver
sensitivity of LLAMA Radio-Telescope.

e Specific Objectives

1. Design, build and characterize a prototype of calibration load operating
at 70°C.

2. Construct and characterize three calibration loads operating at
different physical temperatures simultaneously, ranging from ambient

temperature to 70°C.

3. Develop a closed-loop temperature control system based on FPGAs to

monitor and regulate the loads temperature.

4. Implement a data acquisition system using ACS to connect the thermal
control system with the LLAMA middleware.

5. Install the calibration loads in the Nasmyth cabin of the LLAMA radio

telescope to verify compliance with the requirements.

Regarding specific objective 1, the design, construction, and IR tests of the
prototype load (PL) were presented in the undergraduate thesis of Lilian Basoalto
Salazar to obtain the Astronomer degree |11]. The radiometric characterizations of
the prototype are shown in this document. For specific objective 2, the construction
of final calibration loads follows the same methodology as the prototype. This
document includes a preliminary radiometric characterization. In specific objective
3, implementing a temperature control system for the loads, developed by David
Arroyo Reyes and presented in his undergraduate thesis to obtain the Electrical
Civil Engineer degree || 1]. Lastly, specific objective 4 was addressed by Astronomer
Paulina Unanue Morales in her Master’s thesis in Physics [52]. The specific

objective 5 is not presented in this document.
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5.4 Calibration Loads for LLAMA

This section provides a general overview of the key aspects related to the design,
temperature control, and monitoring of the calibration loads developed for LLAMA.
It should be noted that the detailed discussions of these topics have been addressed

in the theses referenced in the preceding section.

5.4.1 Design Aspects

Mechanical. The development and design of the calibration loads for LLAMA
centered on the concept of encapsulation. Encapsulated loads are essential
for maintaining stable temperatures across their effective area, particularly the
block containing the RAM tiles. This design reduces heat exchange with the
surrounding environment, ensuring the loads achieve and sustain the desired
operating temperatures. Any failure in maintaining these conditions would
compromise the calibration of LLAMA’s astronomical data, leading to potential
inaccuracies in subsequent scientific analyses. Therefore, the selection of materials
was a critical aspect of the design process.

Figure 5.4.1 illustrates various views of the final design of the small calibration
load, created using SolidWorks. The load has a diameter of 146 mm and a height
of 100 mm. At its core lies the RAM block, depicted in black, which is surrounded
by a durocotton ring. Durocotton, a mechanically robust plastic with low thermal

conductivity, helps insulate the RAM tiles.
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Figure 5.4.1: Tllustrations of the mechanical design of the small calibration
load, including material specifications chosen to minimize heat transfer from
the RAM block to the environment. The figure also highlights the placement of
PT100 sensors and the heater, essential for ensuring uniform heat distribution
to the RAM block (Credit: Basoalto [11]).
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Additionally, the load includes ultraxel bolts, known for their high mechanical
strength and temperature resistance. The RAM tiles are covered with a transparent
Mylar film, held in place by a metallic clamp not shown in the design. This film
is ideal for radiometric studies due to its transparency to microwave radiation,
effectively isolating the interior components from the environment. Panel (a) shows
the RAM block, 120 mm in diameter and composed of 25 small tiles mounted
on a duralumin plate with thermally conductive cement. The plate incorporates
four pillars housing ultraxel bolts, as detailed in panels (c) and (d). The plate’s
machining reduces contact with the durocotton ring, which features rectangular
cutouts for connecting both components via ultraxel bolts. Non-contact areas
create empty spaces that reduce heat transfer to the environment. Duralumin was
selected over standard aluminum (AA1100) for its superior mechanical strength
and machinability. Panel (d) reveals the back of the load, where a circular orange
heater uniformly warms the duralumin plate, transferring heat to the RAM
block. To ensure even heating, a heater covering most of the plate’s area was
chosen. Surrounding the heater, three PT100 sensors monitor the load’s physical
temperature during operation. While not visible in the design, mineral wool is
layered over the heater to direct heat toward the RAM block and prevent heat loss
through the back. An AA1100 aluminum plate secures the wool and fully encloses
the load interior, as shown in panel (b). A prototype version of this small load
was used for infrared and radiometric evaluations prior to the production of the
final versions. Thermal behavior was documented in the author’s undergraduate
thesis |1 1], and radiometric testing is presented in Section 5.6.3.

The same design principles and materials were applied to the larger calibration
loads, which measure 226 mm in diameter and have a circular form composed of
4 large RAM tiles with an effective area of 200 mm. This larger block supports
LLAMA’s entire operating frequency range and ensures that the band 1 beam,

with a diameter of 17.2 cm, is fully contained within the block.

Thermal Monitoring and Control. To serve as effective calibrators, the
Calibration Loads must maintain a stable physical temperature, which necessitates
continuous monitoring over time. Figure 5.4.1 illustrates a schematic overview of
the thermal monitoring and control system developed by the CePIA Laboratory
to achieve this essential requirement. The system includes four principal elements:

a temperature measurement subsystem, a heater driver, a control interface, and a
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digital module responsible for housing the control strategies. A notable feature of
this development is the in-house fabrication of most key components at CePIA,

showcasing the laboratory’s capabilities.
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Figure 5.4.2: The left panel presents a schematic of the calibration load control
platform, highlighting the components comprising the system (Credit: Arroyo
[10]). The right panel displays the small load alongside the conditioning box,
which contains the heater control driver (Credit: Arroyo [12]).

The results demonstrate the system’s reliability and efficiency, ensuring that the
Calibration Loads fulfill their critical role for the LLAMA Observatory, as depicted
in Figure 5.4.1. The temperature measurement system achieves a precision of
0.2°C, providing exceptional accuracy. Additionally, a variable voltage controller
with linear adjustment, synchronized with the power grid, was implemented to

regulate the system.
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Figure 5.4.3: Temperature response curve illustrating
the controlled thermal system’s performance, emphasizing
its stability and precision (Credit: Arroyo [10]).

Parameter tuning of the controller allows for temperature stabilization within
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200 seconds when using a PID loop. In contrast, the natural open-loop system

requires approximately 2500 seconds to reach 63.2% of steady-state conditions.

Integration with LLAMA Telescope Control System. The LLAMA
Telescope adopts the ALMA Common Software (ACS) architecture as a
distributed framework for implementing standardized tools for data acquisition
and control systems. This software framework provides mechanisms to encapsulate
communication with processes linked to hardware devices, as depicted in
Figure 5.4.1. Through the implementation of the DevIO class, it enables
efficient interaction with instruments, supporting read and write operations while
facilitating the standardized use of properties such as method invocation and

alarm transmission.
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Figure 5.4.4: System communication architecture illustrating the data
flow between the main computer, equipped with LLAMA software, and
the calibration loads. The system employs a TCP /IP protocol for data
access, while a Single Board Computer (SBC) interprets the information
and relays requests to the FPGA using a serial communication protocol
(Credit: Unanue [52]).

The ACS components for the calibration loads were developed in the C+-+
programming language. These components integrate the required hardware
interface software and testing protocols, enabling the monitoring and control
of the three calibration loads via a TCP /IP socket. This system relies on Standard
Commands for Programmable Instruments (SCPI) to execute read and write
commands. Figure 5.4.1 illustrates the graphical user interface designed to display

the temperatures of the three calibration devices.
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Figure 5.4.5: Graphical user interface for controlling the calibration loads,
presenting the temperature settings for each device. The displayed graph
indicates a target temperature of 50°C for the loads (Credit: Unanue [52]).

Mechanical Integration in LLAMA. The upper panel in Figure 5.4.1 provides a
comprehensive view of the Cassegrain (CASS) cabinet, emphasizing the placement
of the three calibration loads alongside the control box developed by CePIA. This
box accommodates the thermal regulation system for the loads and incorporates
the communication interface linking them to the LLAMA software. The lower
panels deliver focused views: the left panel showcases the robotic arm, where
the three calibration loads are individually connected to the control box through
dedicated cables, while the right panel illustrates the control box securely mounted
to the external section of the Cassegrain structure. The system is interconnected

via routed cables, ensuring integration with the LLAMA framework.
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Calibration Loads

Figure 5.4.6: The upper panel presents an expanded view of the Cassegrain
cabin, highlighting the robotic arm with the calibration loads mounted at the
top, alongside the control box affixed externally. The lower panels offer detailed
perspectives of the calibration loads and the control box (Credit: Rasztocky and
Team [10]).

5.4.2 Physical Presentation

This section introduces the four calibration loads designed for LLAMA, of which
three are intended for deployment in the radio telescope.
Figure 5.4.7 illustrates the prototype load, constructed in accordance with the

mechanical design principles described previously in Section 5.4.1. The left
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panel displays the RAM block along with its aluminum base, which forms the
fundamental structure of the calibration loads. Directly below the aluminum base
resides a circular resistive heater, orange in appearance, responsible for heating the
base to a specified temperature. This temperature is continuously monitored by
three PT100 sensors positioned at 120° intervals around the aluminum surface, as
shown in the central panel. The right panel presents all components enclosed within
materials with low thermal conductivity, effectively controlling heat exchange
with the external environment. A Mylar sheet is secured over the RAM block
using a metal clamp, which serves as an insulator from the exterior to prevent
convection on the RAM surface, avoiding thermal gradient issues, and ensuring

accurate measurement of the radiation emitted by the RAM tiles.

Figure 5.4.7: Prototype Load presentation based on mechanical design. The
left panel reveals the base of the prototype, consisting of a RAM block mounted
on an aluminum plate. The central panel provides an internal view, highlighting
the components beneath the aluminum plate: the orange heater and three PT100
sensors positioned around it. The right panel displays an external view of the
load encapsuling the primary base.

Figure 5.4.8 illustrates the complete calibration instrument delivered to LLAMA,
comprising three calibration loads and a control unit. The final loads were
manufactured based on the same encapsulation design as the prototype but were
scaled to different sizes, as shown in the left panel. The smallest load, identifiable
by its white clamp, weighs approximately 0.6 kg, meeting LLAMA’s design
criteria. The larger loads, marked with red and blue clamps, weigh approximately
1.3 kg each, thereby exceeding the specified weight limits. Collectively, the
loads have a combined weight of 3.2 kg, which deviates from LLAMA'’s original
requirements. The central panel highlights the rear sections of the loads, where
individual compartments house the thermal control drivers. These compartments
are connected to the control box via a robust cable equipped with DB9 connectors

on both ends. The control box, depicted in the right panel, contains an FPGA
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card that implements PID control strategies, a Raspberry Pi 4b, and associated
electronic components. This system enables precise thermal regulation of the loads,
allowing their physical temperatures to be controlled through a user interface.
Additionally, the system facilitates the acquisition of temperature data essential

for LLAMA’s scientific objectives.

DB9
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Figure 5.4.8: Presentation of the calibration instrument for LLAMA. The left
panel displays the three final calibration loads designed to minimize thermal
exchange with the surroundings. The central panel presents the complete
system, including the three loads and the control box. The rear view reveals
the compartments containing the thermal control drivers, which are connected
to the control box using durable cables with DB9 connectors. The right panel
shows the interior of the control box, featuring the FPGA and Raspberry Pi,
which form the basis of the thermal control and data acquisition system.

Figure 5.4.9 depicts the final calibration loads mounted on the robotic arm
positioned atop the Cassegrain cabin of the LLAMA radio telescope. This
mechanical integration test was conducted at the ALFA mechanical workshop
located in Araraquara, Sao Paulo, Brazil. The robotic arm, constructed from
anodized aluminum, exhibits remarkable mechanical strength. Despite the loads
exceeding the specified weight by 200 grams, the test results demonstrate that
the arm can support them without significant structural deformations. The loads
are positioned facing downward due to their interaction with the LLAMA optical
system, which redirects the beam toward the receivers located in the two Nasmyth
cabins on either side of the Cassegrain structure. This optical system is situated
below the arm and inside the Cassegrain cabin. During calibration procedures,

the arm will move horizontally to present each load to the corresponding receivers.
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Figure 5.4.9: Final calibration loads mounted on the robotic arm of the
Cassegrain cabin of the LLAMA radio telescope.

5.5 Infrared Measurements of Calibration Loads

Infrared measurements of the loads are essential to accommodate radiometric
measurements. Therefore, ensuring thermal temperature uniformity across the
TK-RAM block of each calibration load is the primary objective to guarantee
proper functionality.

This section presents infrared temperature values when the loads have reached
a stable infrared state. The infrared measurements are conducted using a
GOBI640-GigE camera, sponsored by Dr. Sebastian Godoy, professor of the
UdeC Engineering Department, and Mr. Luis Arteaga, Laboratory Manager of
the Image and Signal Processing Laboratory of the same department. The IR
Camera is presented in Figure 5.5.1 and its respective interface. It is essential to
consider that the use of Mylar in this IR stabilization study is significant, as it
prevents convection with the surrounding environment, thereby enabling faster
and more sustained stabilization over time. Another crucial aspect is that Mylar is
not transparent to infrared radiation, which implies that the IR measurements are
expected to show a reduction in the actual temperature present on the RAM block.

Based on this, it should be noted that the study conducted on the prototype load
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was performed without Mylar, as the potential impact of Mylar on the infrared

results was unknown at that time.

s
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Figure 5.5.1: Right panel: The GOBI640-GigE IR camera used to perform
infrared measurements of the calibration loads is shown. Left panel: The user
interface of IR camera, which enables access to infrared images and data, is
displayed

Therefore, the results presented in the author’s thesis [11] do not account for the
Mylar effect. An update of the IR data for the prototype has not been possible as
all efforts were directed towards the IR and radiometric study of the final loads
and also because of the availability of the IR camera. Since this has already been
reported, only the final outcome will be provided in this document. Conversely,
the infrared study of the final loads did consider the use of Mylar. Figure 5.5.2
displays two IR images of the prototype when set to 70°C using the thermal
control, starting from an ambient temperature ~20°C. The image was captured
14 minutes after the thermal control was activated. The left panel shows the
prototype within a temperature range of 17°C tp 63°C. Conversely, the right panel
narrows this range significantly to emphasize temperature differences between
57°C and 62°C. The denote Selection A, marked by a black circle at the center
of each image, indicates the area where the thermal study is conducted. The
diameter of Selection A, measuring ~87 mm, simulates the beam expected to
impinge upon the TK-RAM block from Band 3 of a LLAMA receiver. The average
temperature within Selection is 58.94°C, with data dispersion < 1°C with o =
0.56°C. The maximum and minimum temperature difference within the selection is
3.5°C. These results are entirely acceptable and meet the requirements established
at the beginning of the project. The infrared stabilization study over time of the
final calibration loads with mylar is presented. As depicted in Figure 5.5.3, from

left to right, the large red load, the large blue load, and the small load can be
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observed fixed on an optical table.
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Figure 5.5.2: IR images of the prototype stabilized at 70°C are shown, specifically
focusing on Selection A, marked by a black circle. The left panel presents the
full temperature range between 17°C and 63°C, while the right panel displays an
adjusted range between 57°C and 62°C to better visualize temperature differences.
The average temperature of Selection A is 58.94°C.
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Figure 5.5.3: An infrared image of the three calibration loads during the IR
stabilization state over time at a set temperature of 70°C is shown. From left to
right, the large red load, the large blue load, and the small load are displayed,
each with a circle centered over the RAM block, where the temperature analysis
will be conducted.
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The loads were stabilized at 70°C from an initial ambient temperature of
approximately 20°C. Images were captured after 1 hour of thermal control
activation and then every 30 minutes for 3 days, maintaining the positions shown
in the figure.

Figure 5.5.4 illustrates the infrared stabilization of the three loads over time. The
orange line corresponds to the small load, the large blue load is represented by

the light green line, and the red line denotes the large red load.
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Figure 5.5.4: The IR data of the three final calibration loads during the
temperature stabilization study are presented. The study was conducted over
3 days, capturing images every 30 minutes. Each load yielded an average IR
temperature of 57.33°C, 52.38°C, and 46.28°C for the small load, the large blue
load and the large red load, respectively. Each is associated with an error of less
than 1°C.

By time averaging the temperature for each load along with their respective errors,
the small load achieves an average of 57.33°C with ¢ = 0.44°C, the large blue
load stabilizes at 52.38°C with ¢ = 0.40°C, while the large red load averages
46.28°C with ¢ = 0.42°C. It should be noted that these averaged values include
the effect of Mylar, which means the actual temperature over the RAM block
should be higher, although the exact value is unknown. Nonetheless, these values
are entirely valid and meet one of the project requirements: an associated error of

less than 1°C, enabling advancement to the radiometric study.
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5.6 Radiometric Measurements of Prototype Load

To conduct the radiometric measurements, several preliminary tasks were necessary:
1) implementing a receiver capable of measuring the power of the blackbodies,
2) calculating beam propagation over blackbodies, 3) developing an automated
system to perform the power measurements, and 4) designing and fabricating
supports for both the receiver and the automated system. This section provides
a detailed description of each task and emphasizes its significance in the overall

measurement process.

5.6.1 Previous Considerations

Defining the operating frequency before initiating any task was crucial, ensuring
it aligned with the operation frequency range of LLAMA. Due to the availability
of components, a 93-GHz receiver was implemented, forming the basis for all
subsequent tasks. Figure 5.6.1 illustrates the 93-GHz total power heterodyne
receiver schematic. The receiver consists of a Mi-Wave circular corrugated feed
horn operating in the W band. Although the manufacturer specifies its operational
range as limited to 92-94 GHz, it is considered that its bandwidth might be
significantly broader since the W band spans frequencies from 75 to 110 GHz. The
signal is subsequently amplified by two low-noise amplifiers (LNAs) developed by
NASA’s Jet Propulsion Laboratory (JPL), which together achieve a maximum
gain of -40 dB centered at 93 GHz. Next, the signal is processed through a Virginia
Diodes mixer designed to operate in W-band, with optimal performance when the
Millitech x4 local oscillator delivers 3 dBm of input power. Following the mixing
stage, the intermediate frequency signal, ranging from DC to 15 GHz, is filtered
by two Mini-Circuits low-pass filters with a bandpass from DC to 3 GHz. Finally,
the filtered signal is measured using a Keysight power meter. After testing the
receiver, a receiver temperature of approximately 540 K was obtained, which is
within the acceptable range for maintaining the instrument’s operational status,
allowing it to be used in the measurements. As this topic is beyond the scope
of this thesis, it will not be discussed further in this document. The receiver’s

performance in radiometric measurements is detailed in the results section 5.6.3.
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Figure 5.6.1: 93-GHz total power and heterodyne receiver scheme used in the
radiometric measurements of the prototype.

Determining the maximum permissible distance between the prototype and the
feedhorn is crucial for configuring the automated system. This process requires
analyzing the prototype’s beam size projection over the RAM block. The Gaussian
beam propagation procedure requires understanding 1) the type and inner radius
of the feedhorn, 2) the distance from the beam waist to the aperture, and 3) the
maximum beam distance. The feedhorn in use is corrugated, so the beam waist
size is calculated based on the inner radius a = 0.75 cm, using the beam waist

Equation from Goldsmith [27]:

Wy = 0.644 - a
=0.644 - 0.75 cm (5.6.1)
= 0.483 cm

where 0.75 cm represents the feedhorn radius, and 0.483 cm denotes the beam
waist size specific to this feedhorn. The distance z from the beam waist to the
aperture is then calculated using the slant length R, = 4.1 cm, the wavelength
A = 0.323 cm, and the beam waist wy, by substituting these parameters into
distance Equation according to Goldsmith [27]:

z= By (5.6.2)

A Ry\®
1+( Z)
7T‘U)0

4.1 em

. (0.323 em - 4.1 cm)2
7 - (0.483 em)®

=0.963 cm
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This calculation reveals that the beam waist is located at 0.963 cm inside the
feedhorn aperture. It is important to note that Ry is not measured directly; it
is estimated based on the feedhorn’s design. Subsequently, the beam radius w is
calculated for various distances z. By incorporating the wavelength A and beam

waist wy, these parameters are substituted into beam waist Equation given by

Goldsmith [27]:
()
w=wy- |1+ 5
0.323cm -z em\
1+
7 - (0.483 em)?

Starting from z = 0 cm which corresponds to the beam waist location, the

1/2

s (5.6.3)

= 0483 cm -

beam radius is evaluated in 1 mm increments until the maximum beam radius
is identified. According to [27], a beam diameter equal to four times the beam
radius truncates the beam at 34.7 dB, encompassing 99.97 % of the power in the
Gaussian beam, a criterion adopted in this thesis. Considering these factors, the

maximum beam radius w,,q,; selected from the wy is:

Winaz = 2.589 cm  at z = 11.963 cm (5.6.4)

and the maximum illumination diameter &,,,, over RAM block is:

Dinaz = 4- Wmazx

=10.355em  at z = 11.963 cm

(5.6.5)

Consider that a maximum diameter of 10.355 cm at a distance of 11.963 cm is
calculated from the wy inside of the horn but the effective distance is only 11 cm
which corresponds to the distance from the aperture. Remember that the RAM
block has a 12 cm diameter but a margin approximated of 0.7 cm by side was
allowed for potential design and fabrication errors. Appendix C shows Table C.1

detailing the beam diameters at various distances.

An automated system based on FPGA was developed to continuously monitor
the receiver’s performance over an extended period without human intervention
[9]. The behavior of the receiver directly impacts the accuracy of prototype

measurements, influencing the precision of its characterization. The decision to
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eliminate manual measurements stems from insights gained during preliminary
evaluations of final loads, as detailed in Section 5.7. The current objective is to
monitor the receiver temperature more frequently, enabling real-time feedback
on measurement status. This approach facilitates the identification of acceptable
or not acceptable T,, measurements, allowing the process to be paused for the
further investigation if issues arise, thus conserving both time and liquid nitrogen.
Proper calibration, according to theoretical guidelines, requires at least two
calibrators with known temperatures. In this case, one calibrator is at ambient
temperature, while the other is immersed in liquid nitrogen (LN2) at 77 K (or
-196.15°C). The system is engineered to sequentially measure the power from both
calibrators and the prototype.

Figure 5.6.2 presents four panels providing various perspectives of the automated
system. The triangular mirror includes two reflective aluminum plates and a third
surface containing a calibrator used at ambient temperature. The dimensions
of the mirror were determined by the previously calculated maximum allowable

distance.

Figure 5.6.2: The FPGA-based automated mirror-motor system is illustrated
with multiple perspectives. The first four panels, from left to right, present
various views of the mirror, motor, and its supporting structure. In panel 1, the
ambient calibrator is attached to one side of the mirror. Panel 5 displays the
core components enabling motor movement: the ARTY A7 FPGA board, motor
driver, temperature control board, and power supply. The top section of panel 5
shows the control interface based on Python used to operate the mirror system.

The first panel displays a black calibrator constructed from a large RAM piece,
cut to dimensions of 5 cm by 6 cm, and mounted on an aluminum plate. The
second, third, and fourth panels show the aluminum plates, each measuring 9 cm
by 6 c¢m, polished to a reflective finish. A motor positioned beneath the mirror
enables it to rotate 360° counterclockwise. The second panel also illustrates a

PT100 temperature sensor bolted on a white pillar, which measures the ambient
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load temperature. The power measurements setup was meticulously designed to
optimize the alignment and spacing between all components. This configuration
ensures that the beam is fully contained within the mirror surface upon reflection
and accurately intersects the RAM tiles, guaranteeing precise measurements.
Figure 5.6.3 illustrates a design of the different configurations utilized for power
measurements, depicting the horn, the mirror, and the prototype, with the center
of the horn serving as a reference point. The placement of the mirror relative
to the horn and prototype was determined based on the previously calculated

maximum allowable distance.

Figure 5.6.3: Illustration of the primary components involved in the power
measurement process to ensure the success of the procedure. Panel 1, 2, 3,
and 4 show the four main mirror positions: two directed towards the prototype
and two towards the LN2 calibrator. All distances are measured relative to the
receiver horn. When the mirror reaches its respective position, the horn-to-mirror
distance is 4.2 cm, except when pointing at the ambient calibrator, which is
measured directly. Panel 5 displays the beam reflected from the mirror to the
prototype, demonstrating that the beam remains entirely within the mirror
surface, a crucial condition to ensure precise power measurements (Image credits:
Jorge Munioz Mujica, Designer, CePIA).

The mirror aligns with the prototype in panels 2 and 4 and is directed toward
the LN2 calibrator in panels 1 and 3. In all configurations, the distance between
the horn and the plates remains consistently at 4.2 cm. The prototype and LN2

calibrator are arranged at a 90° angle relative to the center of the horn, with the
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plates positioned at a 45° angle. This arrangement ensures that the beam from
the horn reflects at a 90° angle toward either the prototype or the LN2 calibrator.
Furthermore, the prototype is placed 6.8 cm from the plate, establishing the
maximum effective distance of 11 cm between the aperture of the horn and the
RAM block. The center of rotation of the mirror is represented by a blue point
in the panels. Panel 5 verifies that the beam is fully contained within one of
the mirror’s surfaces, a crucial confirmation to guarantee the accuracy of the
measurements. After establishing the appropriate distances, the liquid nitrogen
calibrator is presented in Figure 5.6.4. The first panel depicts the calibrator,
constructed from four large RAM tiles fixed to an aluminum plate measuring
26 c¢m square and 0.5 cm thick. As shown in the second panel, this calibrator
is vertically positioned inside a polystyrene box. The box will filled with liquid
nitrogen, fully submerging the calibrator, allowing it to reach the LN2 temperature.
The third panel shows a 3 cm gap between the calibrator and the inner wall of
the box ensures direct contact between the LN2 and the RAM block. The LN2
box is centered concerning one of the mirror plates, as shown in panels 1 and 3
of Figure 5.6.3. In these mirror configurations, the box is positioned 15 cm away
from the plate, resulting in a total distance of 19.3 cm from the aperture of the
horn. At this distance, the illumination diameter is fully contained within the
RAM block submerged in LN2, with a diameter measuring 16.525 cm.

Figure 5.6.4: Calibration device based on RAM tiles. Panel
1 displays the calibrator, which consists of four RAM segments
mounted onto an aluminum plate and designed to be submerged
in LN2-box. Panel 2 illustrates the calibrator placement inside the
expanded polystyrene container, which is pointing to the mirror.
Panel 3 provides a broader view, highlighting that the calibrator
does not touch the container walls, allowing the calibrator to come
into direct contact with the LN2.
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Figure 5.6.5 illustrates the setup for measuring power from the prototype, with
components arranged on the optical table to maintain the previously calculated
distance. The prototype load is positioned on the center-left side of the table,
connected via a robust wire from the thermal control system housed in a box
containing the FPGA, control driver, and power source. Although this system is
visible on the table on the image, it is not present during actual measurements.
The automated system is divided into three main parts: the mirror at the center
and two boxes on the lower left side of the table containing the FPGA, power
source, and additional components. Additionally, a PT100 sensor is also visible
next to the prototype. The 93-GHz receiver is set up on top of the table in three
sections: the RF section at the center, with the horn facing the mirror, the LO

system on the left, and the IF section on the right.
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Figure 5.6.5: Radiometric measurement configuration for the prototype. The
right panel depicts the setup, which includes a 93-GHz total power receiver,
and FPGA-based automated mirror-motor system, the prototype load equipped
with its FPGA-based thermal control system, a calibrator submerged in an LN2
container, and a ventilator to minimize frost formation on the container walls.
The top left panel presents the supporting instruments required for the receiver
operation (Two Rigol Multimeters, an MXG signal generator, and a power meter).
The bottom left panel displays the power and mirror positioning interface.

The large white box contains the calibrator submerged in LN2. A ventilator
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is used to prevent frost formation on the side wall of the LN2 box in front of
the mirror. Lastly, an ambient temperature system based on a Raspberry Pi
monitors the room temperature and compares it with the ambient temperature
recorded by the PT100 sensor. It is crucial to note that inserting a mirror may
affect power measurements due to the emissivity of the aluminum, as discussed in
Chapter 4. Therefore, characterizing both sides of the mirror is necessary. This
characterization requires the same elements used in the prototype characterization,
excluding the prototype itself, and introduces a second LN2 calibrator, distinct
from the one previously shown in Figure 5.6.4. Figure 5.6.6 presents a cone-shaped
metal calibrator, with its interior lined with black absorber called Eccosorb (as
shown in the first panel) and its exterior covered with a copper sheet (as illustrated
in the second panel). This calibrator is immersed in liquid nitrogen contained in
an expanded polystyrene container, as depicted in the third panel. The calibrator
is directly exposed to the receiver, eliminating the need for the mirror in its power

measurements.

Figure 5.6.6: Liquid nitrogen direct calibration device utilized in
radiometric measurements of prototype. Panels 1 and 2 present different
perspectives of the direct cone employed as a calibrator, while Panel 3 displays
the expanded polystyrene container designated for the LN2 containment.

Figure 5.6.7 depicts the setup for mirror characterization. In this configuration,
the prototype and its associated thermal control system are absent. Instead, the
cone (Figure 5.6.6) is positioned in front of the horn and will be submerged in an
LN2-filled box placed on the floor beneath the optical table. A metal collector is

used to recover LN2 during the measurements.
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Figure 5.6.7: Mirror characterization setup. The right panel shows the setup,
which includes the 93-GHz total power receiver, the automated motor-mirror
system based on FPGA, the two LN2 calibrators, a liquid nitrogen collector,
and a fan to minimize the frost on the box wall. The top left panel presents the
supporting instruments required for the receiver operation (Two Rigol Multimeters,
an MXG signal generator, and a power meter). The bottom left panel displays
the power and mirror positioning interface.

To ensure accurate power measurements, supports for the primary components:
the prototype, receiver, mirror, and LN2 calibrator, were designed and fabricated.
Each component needed to be precisely positioned 15 cm high and centered with
the horn along the vertical axis. Achieving this alignment was challenging due
to the 2.5 cm spacing of perforations on the optical table. The supports were
meticulously engineered to maintain the correct height while ensuring the precise
distance between components and the horn, allowing the beam to be accurately
reflected by the mirror plates without power loss. A deviation of just half a
centimeter in the position of the mirror could cause the beam to exit the plate
entirely, potentially leading to erroneous measurements.

The procedures for characterizing both the prototype and the mirror are detailed

in Section 5.6.2.
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5.6.2 Measurement Process for the Characterization of

Prototype

This section outlines the measurement method for characterizing both the
prototype and the mirror. The prototype characterization requires three essential
tasks: 1) Power Stability Measurement Procedure at 40°C, 50°C, 60°C
and 70°C. The decision to start at 40°C, rather than 30°C, was due to the
summer ambient temperature being approximately 28°C, rendering it impractical
to begin at 30°C. The prototype is maintained at each temperature for about
1 hour, as infrared tests (referenced in Lilian’s undergraduate thesis) indicate
that the prototype stabilizes within 30 minutes when transitioning from ambient
temperature to 70°C. Therefore, the time was standardized not only to ensure
stabilization but also to allow for measurements during the stabilization phase at
each temperature and, 2) Determining the emissivity of each side of the
triangular mirror.

Figure 5.6.8 illustrates the measurement procedure used to characterize the

prototype, corresponding to item 1).

Figure 5.6.8: Various mirror configurations employed for power measurements
of the prototype and calibrators, both ambient and LN2. In Panel 1, the manual
calibration marks the initial position of the mirror. Panel 2 illustrates the mirror
alignment for LN2 measurements, Panel 3 depicts the mirror oriented towards the
prototype, and Panel 4 presents the direct measurement of the ambient calibrator.

Panel 1 displays a black piece used to manually establish the initial mirror position,
designed as the 0° angle. In Panel 2, the mirror measures the power of the LN2
calibrator using side 2. After remaining stationary for 7 seconds, the mirror
transitions to the position depicted in Panel 3, where it faces the prototype and
measures its power with side 1, maintaining this position for another 7 seconds.

Finally, the mirror brings the ambient calibrator in front of the receiver, as
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shown in Panel 4, where it also remains for 7 seconds. This sequence is repeated
over several hours until the measurement process is complete. In principle, this
procedure must be repeated during 4 hours to achieve the objective 1).

Figure 5.6.9 presents the configurations used during the characterization procedure
of the mirror, corresponding to item 2). This procedure is conducted for both
aluminum plates, designed as sides 1 and 2, to clearly distinguish which side is
being tested. Determining the emissivity of each side individually is essential.
Panel 1 shows the ambient temperature calibrator directly presented to the receiver.
Panels 2 and 4 depict the measurements of the LN2-immersed calibrator using sides
1 and 2 of the mirror, respectively. Panel 3 illustrates the manual measurement
with the LN2 cone. In each configuration, the mirror pauses for 7 seconds in front
of the receiver. The mirror rotates 360° counterclockwise, beginning with the
ambient load (Panel 1), then measuring the LN2 calibrator with side 1 (Panel 2).
After completing one full rotation and returning to the ambient calibrator, the
mirror is promptly removed from the center, and the LN2 collector is positioned
to enable manual measurement with the LN2 cone (Panel 3). Finally, the mirror is
repositioned in front of the receiver to restart measurements. The same procedure

is applied for side 2, where the LN2 calibrator is measured with side 2 (Panel 4).

Figure 5.6.9: Different configurations of the measurement system, utilizing the
three calibrators to characterize both mirror plates, are displayed. Panels 1 and 3
exhibit the direct measurements of the ambient and LN2 cone calibrators at the
receiver. Panels 2 and 4 show the mirror positioned on sides 1 and 2, respectively,
with the beam directed toward the calibrator within the LN2 container.

5.6.3 Data Analysis and Results

This section details the analysis and results obtained through the measurement

method described in Section 5.6.2. The initial phase involved determining the
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emissivity of each mirror side, followed by the characterization of the prototype.
The entire testing procedure extended over approximately 12 hours. Throughout
this period, the receiver temperature was manually documented in a spreadsheet,

enabling a thorough assessment of its performance throughout the procedure.

Figure 5.6.10 presents the parameters essential for calculating the mirror emissivity.
The first panel illustrates the power measurements used to characterize side 1 of
the mirror. This procedure involves measurements from the ambient calibrator
(yellow points), and the LN2-covered cone (light blue points), both taken directly
to the receiver, as well as the calibrator immersed in the LN2 container (orange

points) observed through the mirror.
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Figure 5.6.10: Main parameters for estimating the side-1 mirror emissivity.
Panel 1 shows the power sections of the ambient (Amb) and LN2 calibrators (LN2
box and LN2 Direct). The second panel shows the ambient temperature measured
by a PT100 sensor recorded on an FPGA, TG4, The third and fourth panels
show the y-factor and receiver temperature, respectively, calculated from the direct
(red triangles) and through-the-mirror (green triangles) power measurements. The
fiftth panel presents the side-1 mirror emissivity, estimated to be 0.0564.

The sequence begins with the LN2 box, followed by the ambient calibrator, then

the LN2 Direct measurement, and repeats thereafter. A systematic discrepancy in
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power between the box and direct measurements is observed, which is attributed
to the influence of the mirror on the beam path rather than any variation in
receiver performance. This discrepancy directly affects subsequent calculations.
The second panel displays the ambient temperature measured by the PT100 sensor.
These temperature readings correspond precisely with the temporal sequence of
power measurement presented in the first panel. The third panel presents the
y-factor (Eq. 3.11.1) derived from the power measurements. The blue triangles
indicate direct comparisons between the ambient calibrator and the direct LN2
cone, while the orange triangles represent measurements through the mirror,
utilizing the LN2 box power. The y-factor calculated from direct measurements
is higher than that obtained through the mirror, consistent with the observed
reduction in LN2 power. This behavior is only the mirror effect, without suggesting
any alteration in the receiver’s stability, which is evidenced by the consistent
direct measurements.

Based on the power and y-factor values presented in the previous panels, an

equation for the mirror emissivity has been derived:

P%\m (YM — 1)

=1- :
: PP, (YD —1)

(5.6.6)

where P, and PPy, correspond to the LN2 power measured through the mirror
and with the direct cone as shown in the first panel. The variables Y™ and Y”
represent the y-factor values for mirror and direct measurements, respectively, as
shown in the second panel. A detailed derivation of emissivity can be found in
Appendix D. The calculated emissivity values are shown as blue data points in
the fifth panel. These values are averaged, yielding a mirror emissivity of 0.05603
for side 1, with a 10% error given by a standard deviation of 0.0059.

In the fourth panel, the receiver temperature is calculated using the power and
ambient temperature data (Equation 3.11.5). The direct T values, associated
with the y-factor from direct measurements, are presented by blue triangles, while
the orange triangles denote the T values derived from measurements of LN2
box. As expected, the direct Tg, exceeds the mirror-derived values, owing to the
difference in LN2 power between the two sets of measurements. A key motivation
for determining the receiver temperature through the power measurements of the
calibrator within the LN2 container via the mirror was to maintain consistency

with the prototype power measurements, which were also conducted using the
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mirror. This approach facilitates the direct use of Tg, values in the calculation
of the prototype brightness temperature. However, following the data analysis
of the prototype measurements presented in Figures 5.6.12 and 5.6.13, it was
decided to use T, for brightness temperature calculations, instead of TA!, due
to its high variability. From these measurements, an averaged value of T} is
reported as 492.65 K. Considering possible temporal variations in system gain
or a receiver performance degradation during the measurements, an additional
power measurement using the LN2 cone and ambient calibrator was performed
at the end of the radiometric measurements, yielding a receiver temperature of

492.71 K. A linear fit between these two temperature values is expressed as:
TLH(K) = 8.08065 - 107 - t + 491.5585 K (5.6.7)

where t represents time in minutes.

Figure 5.6.11 shows the full power measurement along ~ 11 hours incorporating
the prototype. The panel 1, 2, 3 and 4 illustrates the power behavior when the
prototype is set to 40°C, 50°C, 60°C" and 70°C', respectively. The yellow dots
correspond to the ambient calibrator, the sky blue points refer to the submerged
calibrator in the LN2 box and the red dots show the prototype. The three
calibrators are presented interspersed to the receiver as shown in section 5.6.2.
The spaces between continuous measurements indicate that the mirror is not
moving. In panel 1, between approximately 16:00 and 17:15 hours, a significant
change is seen in the behavior of the cold load; its power has increased too much
compared to the powers of the other calibrators. This is because the LN2 condenses
on the front side of the box. When the condensed ice is removed, the cold power
changes abruptly. From this point on, a ventilator is used to dry the box front
(Figure 5.6.5). As a precaution, it is continuously dried with a cloth; thus, the
same behavior does not occur again. In panel 3 at 20:50 hrs, a notable increase
in the power of the loads is observed, but this is only attributed to variations in
the receiver’s gain. More information about the receiver’s behavior can be found
in Figure 5.6.12. The primary objective of these radiometric measurements is to
determine the prototype brightness temperature. All power analyses are therefore
conducted with this purpose in mind. Whether the power is measured directly at
the receiver (PP) or via the triangular mirror (P*) it is consistently governed by

power Equation 3.11.2 presented in Section 3.11.
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Figure 5.6.11: Power measurement process of the prototype load through the
mirror for brightness temperature calibration at various physical temperatures
(40°C, 50°C, 60°C" and 70°C) over a period of 9 hours and 30 minutes. The
prototype load is depicted in red points, while the ambient and LN2 calibrators
are shown in yellow and light blue points, respectively. The sequence begins
with measuring the LN2 power, followed by the ambient, and then the prototype
load, repeating the cycle throughout the entire period. Significant gain variations
are observed during the measurement, notably around 20:50 hours. A distinct
increase in Cold power is evident between 16:00 and 17:20 hours, attributed to
frost formation on the LN2 container wall.

It should be noted that, in these measurements, radiation from the prototype
invariably passes through the mirror (PM ), and the prototype power is

consequently defined as follows:
Pla=k - Av-G-(Th +T1) (5.6.8)

where "Load" denotes any calibration load, k represents the Boltzmann constant,
Av is the bandwidth, and G indicates the receiver gain. T}/ , corresponds to
the prototype brightness temperature measured through the mirror, while T
represents the receiver temperature derived from its components. Among these,
the LN2 power (P,,) is invariably measured through the mirror, whereas the

power of the ambient calibrator (P2 ) is always measured directly. Therefore,

amb
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the calibrators power is given by:

P?nb =k-Av-G- (T]?x + Tamb) (569)

a

Plys =k -Av-G- (TR +T}\) (5.6.10)

It is essential to note that the calibrators have known temperatures; with T4,
is considered unknown, while 7},,; is continuously monitored by a pt100 sensor
via FPGA board. Both power and ambient temperature serves as a reference to
calculating T - thus, this variable is expressed as a function of these parameters.

By considering the ratio of load power to ambient power:

P%ad — M (T}?x + T[]/\gad)
PD, " TG (TR, + Toms)
= P%ad _ (Tll%)ac + T[]/\;)[ad)
PD (TR + Tums)
= P[]/\gad ’ (Tlgx + Tamb) = PD (Tlgm + Tl{\gad)

amb
M
= T/ :PLmd-(TD+T ) - Tk (5.6.11)
Load pD \ Rx amb Rx Y

The load brightness temperature T/ ,

has been derived in Equation 5.6.11
using only measurable parameters. As anticipated, the receiver’s performance
directly influences power measurements, necessitating the inclusion of the receiver
temperature. The term k- Av -G is assumed constant, implying no gain variations
in the receiver at a given time, and is thus eliminated. The relevant parameter
is the prototype brightness temperature measured directly at the receiver, TF ..
Therefore, in addition to Equation 5.6.11, the following expression must be

considered from Wilson et al. [50] and Section 3.2.2:
lel\gad = (1 - 6) : T[,Doad +e€- Tamb (5612)

This expression illustrates how the load temperature is affected or "attenuated"
when measured through a mirror with a specific emissivity (¢). The first term of
the equation, (1 — 5) TP ., quantifies the portion of the load’s actual temperature
that reaches the detector after being partially reflected by the mirror. The second
term, € - Ty, represents the contribution of the ambient temperature emitted by

the mirror that influences the measurement. If the mirror is perfectly reflective
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(¢ = 0), the entire contribution arises from the load temperature, resulting in

™ = TF .. Conversely, if the mirror is completely absorptive and emissive

(¢ = 1), the measurement exclusively reflects the ambient temperature. Solving
TP . in Equation 5.6.12:
. T[]/\gad — & Tamb

TR = T (5.6.13)

where TH . is obtained from Equation 5.6.11, and ¢ represents the emissivity
calculated from Equation 5.6.6. To compute T .. it is first necessary to determine

TM . which requires the evaluation of the receiver temperature over the entire

measurement period.

Figure 5.6.12 details the principal parameters for estimating the brightness
temperature of the prototype. The upper panel depicts the prototype power
(Hot) in red, alongside the ambient calibrator (Amb) and the LN2-immersed
calibrator (Cold), represented in yellow and light blue, respectively. Only the
relevant power data are shown, omitting the complete dataset from Figure 5.6.11,

to ensure clarity and improve the visualization of power behavior. The central

TFPGA)

panel shows the ambient temperature recorded by the FPGA board (T,

using data from the PT100 sensor positioned in one corner of the motor-mirror
system mount. The ambient temperature varies around 25 and 27°C throughout
the measurement process, which is associated with the power measurements of the
prototype and each calibrator. In the lower panel, a light green line represents an
adjustment to the receiver temperature, calculated from the average T, derived
from the direct power measurements with the LN2 cone (Panel 3 on Figure
5.6.10). Blue points display the calculated Tk, from power measurements of the
calibrator immersed in the LN2 box, taken through the mirror. A high variability
in T, across the mirror suggests potential receiver performance issues. However,
the analysis of LN2 power and the y-factors in Figure 5.6.13 demonstrates the
consistency of the y-factor with the power of the LN2-immersed load. This is
particularly evident during certain time intervals, such as between 16:00 and
17:00 hours or after 21:00 hours, as well as at peaks around 19:00, 8:00, and
23:00 hours. These discrepancies indicate reliability issues with the LN2 power
data, and therefore, such sections should not be used to calculate the prototype
brightness temperature. According to Equation 5.6.12, T3 would be significantly

impacted.
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Figure 5.6.14 shows the temperature curves during the entire measurement
procedure of the prototype. The prototype physical temperature Tpy, is shown
in the orange line, which takes values of 40°C (313.15 K), 50°C (323.15 K),
60°C (333.15 K), and 70°C (343.15 K). The prototype brightness temperature
TP . (Equation 5.6.12), is presented in a blue line, which is calculated using the
Equation 5.6.13 determined employing the T} linear fit, the calibrator ambient
temperature (T, the direct power measurements of ambient calibrator (P2 )
and the mirror power measurements of Load (P} ;) (parameters presented in the

third panel on Figure 5.6.12).
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Figure 5.6.12: Key parameters for determining the brightness temperature of
final calibration loads set at 40°C, 50°C, 60°C and 70°C. The upper panel displays
the power data from the prototype and calibrators. The middle panel presents
ambient temperature data near the motor-mirror system and prototype from the
PT100 sensor (blue line) and the environment temperature from the DS18B20
sensor (orange line), recorded by the FPGA board. The lower panel shows
the receiver temperatures derived from the power and temperature information
calibrator powers and ambient temperature. The blue points show the Tg,
calculated from the instantaneous measurement of the calibrators, and the green
line displays a section of the T, linear fit from the measurements directed with
the LN2 cone (Figure 5.6.10) for the power measurements of loads.
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Figure 5.6.13: Y-factor of measurements (second panel) influenced by the Cold
power of the calibrator immersed in LN2-container (first panel).
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Figure 5.6.14: The brightness temperature of the prototype 7% . is presented
in orange line when set to a physical temperature of 313.15 K (40°C'), 323.15 K
(50°C), 333.15 K (60°C"), and 343.15 K (70°C') shown in the blue line.
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Both temperatures are presented to illustrate the radiometric behavior of the
prototype, demonstrating the expected trend of an increase in TP . as Tpy, rises.
The difference between these temperatures also becomes more pronounced with
increasing Tp,, possibly due to environmental radiation contributions during
measurements or, less likely, variations in the stability of the measurement system
over time. To provide a brightness temperature value, the average of a selected
section was taken 30 minutes after the prototype was set to the corresponding
physical temperatures. Consequently, when the prototype was adjusted to 313.15
K (40°C'), the resulting brightness temperature was 312.64 K; at 323.15 K (50°C),
the average was 321.67 K; at 333.15 K (60°C'), the value averaged 330.48 K,
and finally, at 343.15 K (70°C') the brightness temperature reached 339.71 K.
It is evident that the difference between temperatures increases progressively,
though it does not exceed 3.44 K at 343.15 K (70°C'), representing a divergence
of no more than 1% between the two temperatures. Figure 5.6.15 illustrates a
linear relationship between the prototype brightness temperature and its physical
temperature (thermal control), depicted by an orange dashed line. This fit is

derived by applying linear regression to the four blue points given by:
TE = 0.8993 - Tpy, + 276.51 K (5.6.14)

where T}, is in Kelvin units, and the slope reflects the efficiency of the prototype
rather than the direct emissivity of the polypropylene, which constitutes the
main material, as one might assume. This occurs because the behavior of the
polypropylene is influenced by the thermal properties of the other materials and
their response to the supplied physical temperature. Therefore, the efficiency
should be understood as the overall behavior of the load as a whole.

Table 5.6.1 provides the prototype calibration data, which correspond to the exact
averaged values brightness temperature with respect to its physical temperature.
Given that the prototype is not a perfect blackbody, it is expected that the
brightness temperature will not exactly match the physical temperature. However,
the temperature difference between T and T, is not constant, it tends to increase
as the prototype reaches higher physical temperatures. This behavior may be
attributed to the mirror emissivity and a potential degradation in the receiver

performance over the course of the measurements.
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Figure 5.6.15: A linear fit between the brightness temperature and physical
temperature for the prototype load is displayed. The blue points represent the
data from Table 5.6.1, with the linear fit applied and represented by the orange
dashed line.

Table 5.6.1: Calibration data of Prototype. TPIZ correspond to loads physical
temperature and T} is referred to loads radiometric temperature.

Th (K) | 313.15 (40°C) | 323.15 (50°C) | 333.15 (60°C) | 343.15 (70°C)
TE (K) 312.64 321.67 330.48 339.71
AT (K) 0.51 1.48 2.67 3.44

% 0.16 0.45 0.8 1.0

5.7 Radiometric Measurements of the Final Loads

The power measurements of the final loads were conducted manually due to
the urgency expressed by the LLAMA committee to have the loads on their
facilities. Consequently, these measurements are regarded as preliminary. The
following tasks were undertaken in preparation: 1) implementation of a receiver, 2)

calculation of the illumination diameter on blackbodies, 3) design and fabrication



140 5.7. Radiometric Measurements of the Final Loads

of supports, and 4) development of a manual measurement method. These tasks
closely parallel those outlined in the prototype measurement process, leading to a
similar procedural approach.

As previously mentioned, the receiver determines the operating frequency. In this
instance, a 93-GHz direct detection and total power receiver was implemented.
Figure 5.7.1 provides a schematic of this receiver. The system includes a Mi-
WAVE circular feedhorn operating within the 92 to 94 GHz range, followed by
two low-noise amplifiers (LNAs) developed by NASA’s Jet Propulsion Laboratory
(JPL). The signal is subsequently attenuated by a 520W Mi-WAVE attenuator,
re-amplified by another LNA, and then measured by a Virginia Diodes power
meter. After testing, the receiver remained operational, with its temperature
stabilized around 650 K, a condition deemed suitable for initiating measurements.

Attenuator
RF LNAs WR10

Horn Chain l LNA
PM5
L

Figure 5.7.1: 93-GHz direct detection and total power
receiver scheme used in the preliminary radiometric
measurements of final loads.

Given that the operating frequency remains unchanged, the beam propagation
calculations: beam waist size, beam waist location, beam size, and illumination
diameter are identical to those presented in Section 5.6.1 or Table C.1 in Appendix
C. Therefore, these calculations are not reiterated in this section. The distance
chosen between the horn aperture and the loads RAM block are 13, 16.3, and
20 cm for the small load, and blue and large red load, respectively. The size
of the illumination diameter above the RAM block is 11, 14, and 17 cm in the
order mentioned above. In addition to the three final calibration loads previously
presented in Figure 5.4.8, the cone submerged in the LN2 box, as shown in Figure
5.6.6, serves as a cold calibrator. Figure 5.7.2 illustrates the LN2 calibrator used
in this measurement, which consists of a prototype employed by ALMA, featuring
four large RAM tiles bolted to an aluminum plate.

Figure 5.7.3 illustrates the setup employed for the final load measurements. The
left panel depicts the primary configuration, with the three loads arranged from

left to right as follows: the large hot load with a red clamp, the large cold load
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with a blue clamp, and the small hot load with a white clamp.

Figure 5.7.2: The ambient calibrator
used to monitor ambient power during
radiometric measurements is shown.

W

93-GHz Receiver A
: !

Figure 5.7.3: Setup for radiometric measurements of the final calibration loads
at temperatures different. The left panel shows the three loads aligned on an
optical table plate: from left to right, the large red, large blue, and small loads.
In front of them is the 93-GHz total power receiver. The top-right panel displays
two Rigol power supplies for the LNAs of the receiver and a Lakeshore recording
the PT100 sensors, which monitor the ambient temperature and the waveguide
temperature of the receiver. Behind the instruments, part of the control box
for the final loads can be seen, providing power to the loads via a thick black
cable connected at the rear of each load. the bottom-left panel shows the cone
submerged in the LN2 container.

Each load is mounted on a black optical table using metal brackets as individual
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supports. In front of the small load is the 93-GHz receiver, with its LNAs
connected to two Rigol power supplies, as shown in the first panel on the right.
Positioned above these power supplies is a Lakeshore temperature meter, which
continuously records the ambient temperature via a pt100 sensor located at
the rear, corresponding to the ambient calibrator described in Figure 5.7.2. A
pt100 sensor was bolted to the waveguide after the horn to record the physical
temperature variations of the receiver during the measurements. On the floor
beneath the receiver, the LN2 box as shown in the lower right panel, with the
cone submerged in LN2. The height of the mounting relative to the center of the

aperture horn is 15 cm.

5.7.1 Measurement Procedure for Final Loads

The measurement procedure for the final loads is relatively straightforward. Key
points include: 1) each load is characterized individually, and 2) calibration is
performed at the beginning and end of each load measurement to assess receiver
performance.

1.- Hot-Cold Calibration Process. As shown in Figure 5.7.4, the calibration
process involves rotating the receiver 90° from its main mounting position, as
depicted in Figure 5.7.3. The ambient calibrator is presented for approximately 25

seconds (left panel), followed by the LN2 cone for a similar duration (right panel).

Figure 5.7.4: The calibrators used for the calibration process during power
measurements of the final calibration loads set at 40°C, 50°C y 70°C are shown.
The left panel presents the ambient calibrator, while the right panel displays the
LN2 cone, both measured by the 93-GHz receiver.

2.- Power Measurement Procedure at 70°C. The procedure begins with the
calibration sequence described above. As shown in Figure 5.7.5, the receiver is

then repositioned to its original orientation to initiate load power measurement.
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Panels 1, 2, and 4 show the measurement for the small, blue and large red load,
respectively. Although the procedure is described using the term "load" in the
singular, the same method applies to all three loads. The load is heated from room
temperature to 70°C. The measurement alternates between a load and the ambient
calibrator (Panel 3). In all measurements, the ambient calibrator is manually
presented every 2 to 5 minutes and held in front of the receiver for about 1 minute.
At the end of each measurement, the calibration process is repeated. The entire
procedure lasts approximately 60 minutes per load, which allows thermal stability
to be achieved in each load (Section 5.5) and the calibration process to be carried

out.

Figure 5.7.5: Power measurements of the final calibration loads set at 40°C,
50°C and 70°C using the 93-GHz receiver. Panels 1, 2, and 4 display the small
load, large red load, and blue load, respectively, as measured by the receiver.
Panel 3 shows the ambient calibrator positioned in front of one of the loads for
measurement.

3.- Power Stability Measurement Procedure at 40°C and 55°C. The
procedure begins with the calibration process, which is performed twice. Next, the
three loads are simultaneously set to 40°C, allowing a stabilization period of one
hour. The measurement sequence starts with the small load, alternating it with the
ambient calibrator for 20 seconds of exposure to the receiver, repeating this step

four to five times. The same sequence is then applied to the blue load, followed
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by the red load. After completing these measurements, a second calibration cycle
is conducted. The entire procedure requires approximately 80 minutes. Once
this is complete, all loads are adjusted to 55°C, and a stabilization period of 60
minutes is allowed. The measurement process at 55°C follows the same procedure
as described for 40°C; however, the order changes: the large red load is presented
first, followed by the large blue load, and finally the small load, concluding with

two additional calibration cycles.

5.7.2 Data Analysis and Results

This section presents the analysis and results of the power calibration to brightness
temperature of the loads at different physical temperatures in relation to the

measurement methods described in Section 5.7.1.

5.7.2.1 Stabilization to 40°C.

It begins detailing the procedure for measuring power in loads maintained at
different temperatures through thermal control, starting with those set at 40°C.
Figure 5.7.6 displays the power measurements for the three loads, including two
calibration processes performed at the beginning and the end of the procedure,
which spans approximately 80 minutes. The power readings for the small, large
blue and large red loads are shown in orange, light green, and red, respectively. The
yellow points represent the ambient power, while the light blue points correspond
to the LN2 cone. A noticeable power drop occurs when LN2 is presented to the
receiver. At the center of the figure, an enlarged view highlights the stabilization
state of the three loads between minutes 70 and 88 is presented. Fluctuations in
receiver gain are evident throughout the entire measurement process. A degree-
3 spline fit, represented by a yellow dashed line, is applied to the averaged
ambient power sections, with emphasis on accurately modeling the behavior in
the stabilization zone. It is essential to note that the transition phases between
different load measurements lack physical significance and are therefore excluded
from this analysis. From these power measurements, the temperature is determined
using Equation 5.6.11, considering both ambient power and the temperatures of

the ambient and receiver.
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Figure 5.7.6: Power measurements of final calibration loads set at 40°C
over time. The power data for the small load are shown as orange points,
the large blue load as light green points, and the large red load as red points.
Power data for the ambient and LN2 calibrators are presented in light blue and
yellow points, respectively. At the beginning and end of the measurements, two
calibration sequences are shown to track the receiver performance. The central
section of the figure highlights the power stabilization of the loads. Additionally,
a yellow dashed line represents a 1-degree spline applied to the ambient power
sections, used to estimate this power during the stabilization state.

Figure 5.7.7 displays the loads and calibrators power in the top panel, the ambient
and waveguide temperatures in the middle panel, and the receiver temperature
calculated from these parameters in the bottom panel. In the initial calibration
process (upper panel), two contiguous sections of ambient and LN2 power are
selected to calculate receiver temperature. The analysis begins with the first
section of ambient and nitrogen power, using the ambient temperature data from
the same timeframe indicated in the middle panel. The initial Tg, value is 671.27
K, represented by the first green triangle in the lower panel. The second pair
of power measurements yields a Tk, of 673.86 K, indicated by the second green
triangle. These values are averaged, resulting in a receiver temperature of 672.57
K for the first calibration, indicated by the orange triangle on the left side of the
lower panel. For the final calibration, around 83 minutes, Tg, values of 670.62
K and 668.62 K are obtained. The average receiver temperature for the second

calibration process is 669.62 K, indicated by the orange triangle on the right side
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of the lower panel. A decrease of 0.44% in the average of Tk, from the beginning
to the end of the measurements suggests improved receiver performance over
time. A linear fit between the averaged Tg, values is applied, shown as a blue
dashed line in the lower panel, providing the Ty, for each load measurement
point. It is also important to emphasize that the waveguide temperature exhibits
temperature drops at the beginning and end of the measurement, corresponding
to the moments when the LN2 cone is presented to the receiver. This temperature

behavior aligns with the power fluctuations observed in the upper panel.
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Figure 5.7.7: The upper panel displays the power data from loads set at 40°C
and the calibrators. The middle panel presents temperature data from the ambient
environment (blue line) and waveguide (orange line), which were recorded by
Lakeshore. The lower panel shows the receiver temperatures (green triangles)
derived from the calibrator powers and ambient temperature during the first and
second calibration processes. These values are averaged and represented by orange
triangles. A linear fit (blue dashed line) was applied to the averaged values to
estimate T, at the moment of power stabilization of the loads.

Figure 5.7.8 presents the brightness temperature of three final loads, calculated
using Equation 5.6.11 during the stabilization state at 40°C. It is crucial to note
that Equation 5.6.11 is applied instead of Equation 5.6.12, as these measurements
were conducted directly, without the involvement of additional systems, such

as the motor-mirror mechanism described in Section 5.6.1. The orange points
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represent the brightness temperature of the small load, while the light green
points correspond to the large blue load, and the red points indicate the brightness
temperature of the large red load. A yellow line represents the ambient temperature
measured by the Lakeshore sensor T'%%  which fluctuates around 18.6°C (Figure
5.7.7). This physical temperature aligns with the averaged brightness temperatures
sections calculated for the ambient calibrator, depicted as pink points in the figure.
Based on the reliability of the experimental procedure and data analysis applied it
is expected that the calculated ambient brightness temperature and the measured
ambient physical temperature would be consistent, as, theoretically, a blackbody
should always satisfy the condition Tp;, = Ts. The five sections of each load
presented in Figure 5.7.8 are averaged to provide a brightness temperature value
when the loads are set at 40° C and have already stabilized. The average value
for the small load is 309.51 K (36.352°C), 307.81 K (34.662°C) for the large blue
load, and 305.11 K (31.962°C) for the large red load.
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Figure 5.7.8: Brightness temperature of the calibration loads stabilized to
40°C respecting the time, calculated from Equation 5.6.11. The orange points
correspond to the small load, while the light green points represent the large blue
load, and the red points show the large red load. The ambient temperature in the
yellow line overlaps with the pink points, corresponding to the ambient brightness
temperature, to show that in a calibrator, T, is according to T’z.
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5.7.2.2 Stabilization to 55°C

The procedure advances with the measurements of the final loads, stabilized at
55°C, as illustrated in Figure 5.7.9. In accordance with the previously defined
color scheme, the sequence begins with the large red load, depicted by red points,
followed by the large blue load in light green, and concludes with the small load in
orange points. The ambient and liquid nitrogen calibrators are marked by yellow
and light blue points, respectively. Two calibrations are carried out at the start
and the end of the measurement sequence. A power increase becomes apparent 91
minutes into the process, following stabilization at 40°C. A detailed view between
minutes 149 and 16, located at the center of the figure, highlights the stabilization
state of the loads.
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Figure 5.7.9: Power measurements of final calibration loads set at 55°C over
time. The power data for the large red load are shown as red points, the small
load as orange points, and the large blue load as light green points. Power data
for the ambient and LN2 calibrators are presented in light blue and yellow points,
respectively. At the beginning and end of the measurements, two calibration
sequences are shown to track the receiver performance. The central section of
the figure highlights the power stabilization of the loads. Additionally, a yellow
dashed line represents a 1-degree spline applied to the ambient power sections,
used to estimate this power during the stabilization state.

The ambient calibrator is presented four times with each load, where the
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corresponding sections are averaged, and a first-degree spline is applied to capture
the gain variations in the receiver during this period. The small load displays
a significantly higher power output compared to the other two loads, resulting
in a pronounced difference in brightness temperature as shown below. Figure
5.7.10 presents the power data for the final loads, incorporating both calibration
procedures and the corresponding adjustments to the ambient power. It should
be noted that the first two calibration pairs, near minute 90, correspond to the
final calibration of the 40°C measurements. The middle panel illustrates both
ambient and waveguide temperatures, with four clear decreases in the waveguide

temperature coinciding with the introduction of the LN2 calibrator.
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Figure 5.7.10: Key parameters for determining the brightness temperature
of final calibration loads set at 55°C. The upper panel displays the power data
from loads and calibrators. The middle panel presents temperature data from
the ambient environment (blue line) and waveguide (orange line), recorded by
Lakeshore. The lower panel shows the receiver temperatures (green triangles)
derived from the calibrator powers and ambient temperature during the first
and second calibration processes. These values are averaged and represented
by orange triangles. A linear fit (blue dashed line) was applied to the averaged
values to estimate Tg, at the moment of power stabilization of the loads.

The behavior of the waveguide temperature aligns closely with the overall power

variations, while ambient temperature fluctuations are observed at the beginning
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and near 140-150 minutes, likely caused by the laboratory door being left open
during testing. However, no direct effect on the load power is detected. The lower
panel depicts the receiver temperature derived from the power measurements
presented in the upper panel. The mean Tg, for the first two calibration processes
reaches 668.56 K. The last two calibration pairs, involving ambient and LN2 power
measurements, yield receiver temperatures of 665.47 K and 664.69 K, shown in
green triangles, averaging 665.08 K, represented by an orange triangle. Producing
a 0.5% performance improvement from the beginning of measurements to the end.
A dashed blue line shows a linear fit to the averaged Tg, values. Figure 5.7.11
displays the brightness temperatures of the three loads at 55°C, computing using
Equation 5.6.11, based on the adjusted ambient calibrator power and the receiver
temperature. The large red, large blue, and small loads are represented by red,

light green, and orange points, respectively.
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Figure 5.7.11: Brightness temperature of the calibration loads stabilized to 55°C
respecting the time, calculated from Equation 5.6.11. The red points correspond
to the large red load, while the light green points represent the large blue load,
and the orange points show the small load. The ambient temperature in the
yellow line overlaps with the pink points, corresponding to the ambient brightness
temperature, to show that in a calibrator, Tpj, is according to T'z.

The ambient temperature recorded by the Lakeshore sensor, T%%

o, 1s represented

by a yellow line, fluctuating around 18.7°C (Figure 5.7.10), overlaid with the
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averaged brightness temperature sections for the ambient calibrator, demonstrating
consistent behavior between both measurements. The sections of each load
presented in Figure 5.7.11 are averaged to determine the stabilized brightness
temperature at 55°C. The large red load yields an average of 315.28 K (42.128°C),
the large blue load 319.60 K (46.452°C), and 322.48 K (49.333°C) for the small
load.

5.7.2.3 Stabilization to 70°C

This section analyzes the power stabilization curves for the three calibration
loads set at 70°C. Each load was independently measured to obtain the desired
stabilization curves. Figure 5.7.12 illustrates the power measurement for the three

loads as they stabilize from ambient temperature to 70°C.
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Figure 5.7.12: Power measurements for the calibration loads set to 70°C over
time. The upper panel shows the power data of the large red load in red points,
the middle panel displays the power data of the small load in orange points, and
the lower panel corresponds to the large blue load in light green points. The
ambient calibrator data are shown in yellow points, and the LN2 calibrator data

are presented in light blue points. Calibration processes at the beginning and end
of each measurement track receiver performance.
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The power of the large red load is represented by red points, the small load
by orange points, and the large blue load by light green points. Power data
for the ambient calibrator and LN2 cone are shown in yellow and light blue
points, respectively. Calibration was conducted at the beginning and end of each
measurement procedure. The final calibrations of the receiver during the small
load measurement, between minutes 250 and 260, are also used as the initial
calibrations for the large blue load measurement. The measurements were taken
sequentially, reflected in the distinct x-axes of each panel, starting with the large
red load, followed by the small load, and concluding with the large blue load.
Consistent scales were applied across all panels to allow a direct comparison of
the power variations during the three measurements.

Figure 5.7.13 provides a zoomed-view of the central section of Figure 5.7.12,

highlighting the power measurements of the loads alongside the ambient calibrator.
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Figure 5.7.13: Zoomed-in view of the central section of Figure 5.7.12, focusing
on the power measurement processes of the three calibration loads set to 70°C
from ambient temperature. The upper, middle and lower panels show the power
of the large red load, small load, and large blue load, represented by red, orange,
and light blue points, respectively. The yellow line denotes the fit for the ambient
calibrator.
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The first panel displays the large red load power along with a 2-degree spline
fitted to the ambient calibrator power. In the middle panel, the small load power
is shown in orange points, with a 1-degree spline fit to the ambient power. The
large blue load power is presented in light blue points, accompanied by a 1-degree
spline for the ambient power. The large red load exhibits a slower stabilization in
power compared to the other two loads. Conversely, the small load shows a steep
power slope, indicating rapid stabilization. Overall, the receiver gain remains
stable during the measurement of the three loads, as evidenced more clearly in
Figure 5.7.15, where the receiver temperature is presented.

Figure 5.7.14 presents three panels showing the temperatures recorded by the
Lakeshore using PT100 sensors. The blue lines indicate the ambient temperature
during the three power measurement procedures of the loads, which is crucial for
calculating Tg, and TE .. In the central panel, five points represent manually
recorded ambient temperature data, as no data was saved by Lakeshore at that
time.
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Figure 5.7.14: Temperature data recorded by the Lakeshore using PT100 sensors
are shown. Blue lines denote ambient temperature, while orange lines represent
the waveguide temperature. Each panel corresponds to a specific measurement
period for one of the loads.
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On average, the ambient temperature during the entire measurement process
remained at 20.2°C, with variations of less than 1°C. The orange line corresponds
to the temperature of the receiver waveguide, showing descending power peaks
at the beginning and end of the measurements, a characteristic behavior when
the LN2 cone is present. A sharp temperature drop is observed in the third panel
near minute 320, just before the final calibration process. This drop is attributed
to the receiver proximity to the LN2 container, not to any change in the receiver
performance.

Figure 5.7.15 presents the receiver temperature calculated using the variables
from the calibration processes conducted at the beginning and end of the power
measurements (Figure 5.7.12), incorporating ambient temperature (Figure 5.7.14).
These parameters are applied in Equation 3.11.5 through the y-factor technique.

Each panel shows the power measurements for individual loads.
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Figure 5.7.15: Receiver temperature during the power measurement of three
calibration loads at 70°C. Each panel illustrates the individual Ty, values,
represented by green triangles, obtained from each hot-cold power pair taken at
the beginning and end of the measurements (Figure 5.7.12). Averaging these
values for each calibration process provides an averaged Tg, value, shown as light
blue triangles. For each measurement process, a linear fit represented by TERE
TSL and TEPE is applied to each pair of averaged Tg, values.

)
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The green triangles represent the Tg, values obtained from individual hot-cold
power measurements, paired with the corresponding ambient temperature average
at the time of each hot-cold measurement. The averaged T, values for each
calibration process are displayed as cyan triangles in all panels. It is important to
note that the Tg, values from the second calibration process in the central panel
are the same to those in the first calibration process of the lower panel. Three linear
fits are applied to the averaged Tk, values; represented by TR TSL and TLEPE
indicated by the red, orange and light green lines, respectively, corresponding to
the colors of each load. Power data is intrinsically correlated with the receiver’s
performance, making it essential to evaluate Tg, variations over time during the
measurements. For the first measurement, corresponding to the large red load,
the initial T, values, recorded approximately at 50 minutes, exhibit an average
of 676.46 K. Subsequently, during the second set of measurements, around 173
minutes, the average increases to 677.79 K, indicating a 0.2% degradation in the
receiver’s performance. Regarding the second measurement, associated with the
small load, the initial T, values, obtained near 206 minutes, yield an average of
682.47 K. Later, during the second set, around 254 minutes, the average decreases
to 679.84 K, reflecting a 0.39% improvement in the receiver’s performance. The
measurement for the large blue load begins immediately after the final Tg, set,
using the corresponding average as the initial value. In the final set, recorded
approximately at 336 minutes, the average is 675.65 K, showing an additional
0.62% improvement. This behavior is also observed in the slopes derived from
the adjustments applied to Tg,. In all three cases, the slopes are negligible, while
the negative signs in the second and third panels reflect an improvement in the
receiver’s performance.

In Figure 5.7.16, the brightness temperature and stabilization curves for the three
loads set at 343.15 K (70°C) are presented. The brightness temperature, calculated
using Equation 5.6.11, accounts for the power of each load, the ambient calibrator
power, ambient temperature, and receiver temperature. The Ty of the large red,
small, and large blue loads are represented by red, orange, and light green lines,

respectively. An exponential fit T2, described by:
ToCs=a-(1—e ') +c (5.7.1)

is applied to the brightness temperature data for each load to determine the
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stabilization time ¢, indicated by the blue lines. In previous figures, the data and
calculated parameters are shown with the x-axis indicating the time at which
power measurements were taken, but this time, a correction is applied to ensure
the stabilization curves start at minute zero for a clearer visualization of the
stabilization time for each load. The differences in stabilization times are evident.
The small load displays a more rapid temperature rise compared to the large red

load, which approaches its maximum temperature more slowly.
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Figure 5.7.16: The brightness temperature and stabilization curve for three
loads set at 343.15 K (70°C) are presented. The Tz are depicted in red for the
large red load, orange for the small load, and light green for the large blue load.
The stabilization curves, showing temperature evolution over time, are indicated
by blue lines.

Each stabilization curve converges to a specific temperature value, with an
associated error margin of 1% as required by the scientific specifications set
at the outset of the LLAMA project. These values correspond to 325.95 K + 3.26
K for the large red load, 334.95 K + 3.34 K for the small load, and 331.0 K + 3.31
K for the large blue load. The brightness temperature curves upper and lower
error limits are depicted as dashed grey lines. The stabilization time is defined

as the moment when the stabilization curve intersects the lower error boundary.
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These intersection points are indicated by yellow triangles and correspond to 28
minutesfor the large red load, 8 minutes for the small load, and 17 minutes for the
large blue load. Once the stabilization time has been terminated, the remaining
temperature data points are averaged to yield a unique brightness temperature
value for each load when set to 343.15 K (70°C). Table 5.7.1 presents the resulting
temperatures, which are 325.43 K (52.282°C) for the large red load, 334.67 K
(61.517°C) for the small load, and 332.31 K (59.157°C) for the large blue load. It
is evident that the temperature difference progressively increases across the three
loads. The most extreme case is observed in the large red load, where at 343.15 K
(70°C), a difference of 17.72 K is noted compared to its brightness temperature.
Although this may seem significant, it represents only a 5% of difference between
T relative to Tp,y,. Figure 5.7.17 shows the linear fits applied to the experimental
brightness temperature values obtained by setting the loads to different physical
temperatures. The points corresponding to the large red load (LRL), represented
by inverted blue triangles, are modeled using the linear fit shown in red, described
by:

TERLY = 0.6773 - Ty, + 278.02 K (5.7.2)

The data associated with the small load (SL), represented by circular markers,

are fitted with the linear curve displayed in orange, defined by:
Tt = 0.8388 - Tpy, + 276.08 K (5.7.3)

Finally, the experimental values of the large blue load (LBL), represented by
rightward-facing triangles, are fitted with the green line described by:

TEPE = 0.8165 - Ty, + 275 K (5.7.4)

where in all three equations, T}, is expressed in Kelvin. This is because the
thermal control system operates directly using these units. It can be stated
that these curves enable the determination of the brightness temperature for any
load by inputting a physical temperature value into the control and monitoring
system, ranging from ambient temperature to 343.15 K (70°C), and not limited
to the temperatures previously tested. It is important to note that the slope of
each curve reflects the efficiency of the calibration loads rather than the direct

emissivity of the polypropylene, which constitutes the main material, as one might
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assume. This occurs because the behavior of the polypropylene is influenced by
the thermal properties of the other materials and their response to the supplied
physical temperature. Therefore, the efficiencies should be understood as the

overall behavior of the loads as a whole.

Table 5.7.1: Calibration data for the final calibration loads, represented as SL
(small load), LBL (large blue load), and LRL (large red load). 7, denotes the
physical temperature, while T’z refers to the radiometric temperature corresponding
to T,,. AT corresponds to the percentage differences between T and T),.

T (K) Tp (K)
SL,  |ATsr (%)| LBL |ATiss (%)) LRL |ATpns (%)
313.15 (40°C) | 309.50 1.2 307.81 1.7 305.11 2.6
328.15 (55°C) | 322.48 1.7 319.60 2.6 315.28 3.9
343.15 (70°C) | 334.67 2.5 332.31 3.2 325.43 5.2
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Figure 5.7.17: Three linear fits between the brightness temperature and the
physical temperature for the final calibration loads are shown. The blue points
represent the data presented in Table 5.7.1. The red line corresponds to the linear
fit for the large red load, the orange line represents the small load, and the light
green line refers to the large blue load.



Chapter 6. Discusion 159

Chapter 6
Discusion

This chapter discusses the key observational and instrumental factors evaluated
in this thesis within the framework of the COMAP and LLAMA projects.

The design, development, and integration of the calibration loads for the LLAMA
telescope represent an innovative contribution to the field of high-precision
astronomical instrumentation. The implementation of an encapsulated calibration
load design was key to ensuring efficient thermal control and minimizing
heat exchange with the environment. This, along with the use of suitable
materials ensured mechanical robustness, thermal stability, and uniformity in
the temperature of the RAM block, all fundamental to ensuring precision in
brightness temperature measurements. One of the most innovative features of
the system is its ability to operate at different physical temperatures, achieved
through a thermal control system based on FPGA developed at the CePIA
laboratory. This system was distinguished by its precision of 0.2°C and rapid
stabilization times, owing to the use of PID controllers. The integration of the
ACS software and SCPI protocols facilitates the interoperability and operation
of the loads. This approach ensures that the system can easily integrate with
other subsystems of LLAMA telescope. Although the loads slightly exceeded
the specified weight by 200 grams, mechanical tests validated the structural
solidity of the design and the robotic arm, which allowed meeting the functional
requirements of the radio telescope.

The analysis of infrared measurements performed on the calibration loads
highlights several key aspects for evaluating their thermal performance and

potential areas for improvement. First, the measurements met the established
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tolerance margins when the loads were set to 70°C, achieving a standard
deviation over time of less than 1°C, which demonstrates the effectiveness of
the encapsulated design in achieving thermal stability. The use of Mylar in
the final loads limited the measurements by blocking infrared radiation, which
reduced the temperature recorded by the IR camera compared to the RAM block.
Although this effect was considered in the results, the lack of exact data for the
block restricts a fully precise interpretation. Furthermore, differences in the
thermal behavior of the three final calibration loads were observed, which can be
attributed to the size and uncertainty in their manufacturing, suggesting that the
ideal conditions are not uniform for all the loads. The results validate the use of
the GOBI640-GigE infrared camera and the experimental setup adopted for all
calibration loads. Further, studies are suggested to precisely quantify the impact
of the Mylar on the measurements.

The methodology used for the radiometric evaluation of the prototype involved a
hybrid procedure comprising an FPGA-based triangular mirror with automatic
movement and a manually presented calibration cone, aimed at obtaining power
measurements of the prototype and various calibrators. During the procedure,
three fundamental parameters were analyzed: the emissivity of the mirror, the
stability of the receiver, and the brightness temperature of the prototype. The
analysis performed determined that the emissivity of the mirror for one of its
faces was 0.05603 with a 10% dispersion. This result demonstrates the impact
of the mirror in reducing power when observing one of the sources through it,
compared to direct measurements. This effect was consistent throughout the
procedure and suggests that it is due to the optical properties of the mirror and
not variations in the receiver’s performance. Moreover, the low emissivity value
confirms its high reflectivity, which aligns with the theory of the opaque body
and previous studies. The stability of the receiver was key in the radiometric
analysis of the prototype. The results indicated that the receiver temperature
calculated with the direct cone was smaller and more consistent than those
derived through the mirror. This reflects the differences in liquid nitrogen power
observed with and without the mirror, highlighting the impact of the mirror’s
optical properties on the accuracy of the calculation. Consequently, the receiver
temperature calculated with direct measurements is the one used to infer the
brightness temperature. The average value obtained for the receiver temperature

at the beginning of the measurements with the prototype was 492.65 K, with
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a 1% variation during the 12-hour procedure, which was corroborated by an
additional measurement at the end of the experiment, yielding a value of 492.71 K.
This result suggests that there was no degradation in the receiver’s performance
during the measurements. The radiometric analysis performed to determine the
brightness temperature of the prototype revealed important behaviors related
to its performance and how external factors influence it in the measurement
system. The emissivity of the mirror introduced a systematic modification in
the brightness temperature measurements by attenuating the radiation from the
prototype and adding contributions from the ambient temperature. Since the
emissivity value of the mirror is known, this effect is corrected before determining
the final brightness temperature of the prototype. The analysis shows that the
brightness temperature is systematically lower than its physical temperature,
which is expected since the prototype is not a perfect black body. However, the
difference between these temperatures is not constant, increasing with higher
physical temperature values. For example, at T, of 343.15 K (70°C), T reached
only 339.71 K, with a difference of 3.44 K, while at T}, of 313.15 K (40°C), this
difference was only 0.51 K.This suggests that ambient radiation may be coupled
during prolonged measurements. These results indicate a linear relationship
between the T, and T’z temperatures.The slope of this adjustment, with a value
of 0.9, is crucial as it represents the efficiency of the prototype load when supplied
with energy. The erratic behavior of the LN2 power measured with the mirror
during the prototype measurements demonstrates the importance of mitigating
factors that interfere with the correct measurement of the LN2 box surface, such
as condensation. The introduction of a fan and manual drying of the surface were
effective measures to improve the data quality, though not sufficient to allow its
use. A possible factor is that the mirror’s angle position during the measurements
may have moved physically by a few fractions of a degree, generating erratic LN2
power measurements with the mirror.

The methodology employed for the radiometric evaluation of the final calibration
loads is a manual procedure consisting of a calibration cone immersed in LN2 and
an ambient calibrator, which were alternately presented to the receiver system
to record their powers. The radiometric results obtained in this study show a
high degree of consistency between the evaluated physical temperatures and
the calculated brightness temperatures.This behavior was observed in the three
thermal stabilization scenarios analyzed (40°C, 55°C, and 70°C). At 40°C, the
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measurements demonstrated the ability of the loads to reach a stable brightness
temperature state, with values ranging from 305.11 K for the large red load to
309.51 K for the small load. During this process, a 0.44% improvement in the
receiver’s performance was noted between the initial and final calibrations. The
analysis at 55°C showed similar results, with average brightness temperatures of
315.28 K, 319.60 K, and 322.48 K for the large red, large blue, and small loads,
respectively. Additionally, an increase in the temperature differences between the
physical temperature and the brightness temperature was observed, as evidenced
with the prototype load, although in this case, these differences did not exceed
3%. For this measurement, the receiver system was highly stable with only a
0.5% variation between the start and end of the measurements. Finally, the
measurements at 70°C showed the same previous behavior, with results giving
average brightness temperatures of 325.43 K, 332.31 K, and 334.67 K for the large
red, large blue, and small loads, respectively. Although the largest difference of
17.7 K corresponds to the large red load, it represents only a 5% error relative to
its physical temperature.

A noteworthy aspect at 70°C is the difference in the stabilization times of the
loads. While the small load reached stability in 8 minutes, the large blue and
large red loads required 17 and 28 minutes, respectively. This behavior is related
to the physical properties of each load, such as heat capacity and efficiency in
heat transfer from the main block. The results obtained in this temperature range
allowed the modeling of the stabilization curves through exponential adjustments,
achieving 1% precision in the brightness temperature estimates. The radiometric
results obtained were independently modeled for each load using a linear fit,
enabling the prediction of brightness temperature behavior as a function of
physical temperature within the evaluated range. A significant finding is that
its slope represents the efficiencies of each calibration load when supplied with
energy, ranging from 0.7 for the large red load to 0.8 for the small load. It is
worth emphasizing that this linear model serves as a crucial tool for users of
the LLAMA project’s calibration loads, as it facilitates continuous and precise

calibration without requiring additional experimental measurements.

The evaluation of the receiver performance in the COMAP Project is based

on advanced simulations that model critical parameters such as atmospheric
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brightness temperature and spillover. These models, developed and validated in
this thesis, were based on the use of the AM radiative transfer model to simulate
atmospheric brightness temperature and an exponential model to estimate spillover
as a function of elevation angle. The obtained results allowed the analysis of the
merit figures merit of COMAP system. The study of the receiver temperature
revealed high temporal stability, with very small variations across spectral bands.
A 95% of the Tg, values were between 10 and 31 K, with a mean of 17.7 K. These
results are consistent with those reported by Foss et al. [25], who identified Tg,
ranges between 10 and 30 K. As expected, the system temperature showed a
strong dependence on PWV and elevation angle. The values of T,, ranged from
28 to 56 K for 95% of the data, being lower under reduced PWV conditions, such
as in the scans obsid8983 (PWV = 4.113 mm) and obsid4386 (PWV = 5.779 mm).
These results confirm the importance of including parameters like atmospheric
brightness temperature and spillover to improve calculation accuracy. Our results
are comparable to those reported by [25], which ranged from 34 to 60 K, although
their calculations include a fixed spillover contribution, and it does not vary by
elevation angle. The sensitivity values of the system were evaluated between 100
and 400 mK, with 95% of the data in the range of 146-260 mK, with a mean of 203
mK. For a single-pixel receiver operating at a typical spectral channel of 27.025
GHz in the A:LSB band, the sensitivity reaches 263.85 mK. When employing
the full 19-pixel array, this value decreases by a factor of 6.57, reaching 40.15
mK. This reduction underscores the advantage of a multi-pixel array in detecting
weak signals. The temporal stability analysis through the Allan variance revealed
optimal integration times between 5 and 21 seconds, including all pixels, with a
mean of 14 seconds. Since the sensitivity required for the project is high, the scans
will always have a combination of white noise and gain fluctuations. In particular,
Foss et al. [25] highlights 1/f noise induced by gain fluctuations, atmospheric
fluctuations, and standing waves. The aperture efficiency was assessed for all
pixels in the array at the central frequencies of the COMAP bands: 26, 29, 31, and
33 GHz. The measured values range from 0.27 to 0.51, with an average of 0.38. In
general, efficiency decreases with frequency. This trend, observed in most pixels,
is primarily attributed to coma, an optical aberration that affects those farther
from the optical axis, leading to an asymmetric radiation distribution in the focal
plane. However, certain discrepancies were identified, particularly in pixels 7 and
16, which exhibited higher-than-expected efficiency at 31 GHz. The measured
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values fall within the predicted range reported by Lamb et al. [3], which estimates

aperture efficiencies between 0.35 and 0.5 for COMAP frequencies.

From an observational perspective, the validation of the MERRA-2 atmospheric
database was achieved through a consistent methodological approach. First,
simulating atmospheric brightness temperature using the AM radiative transfer
model with MERRA-2 database for the OVRO site enabled precise calibration
of COMAP long skydip power measurements to antenna temperature across
the full spectral range. The atmospheric brightness temperature derived from
skydip data was obtained by subtracting the spectral atmospheric brightness
temperature simulated by the AM model to the measured antenna temperature
at all COMAP frequencies. A temperature excess emerged from this comparison,
attributed to spillover contributions from the surroundings, which was modeled
using an exponential curve within the 30°-86.5° elevation range. Applying an
exponential tipping-curve fit to the measured atmospheric brightness temperature
allowed for the calculation of zenith atmospheric opacity across the entire COMAP
frequency range. Subsequently, this was compared with the simulated spectral
zenith opacity from the AM radiative transfer model, yielding a percent error
of only 4%. These results validate the MERRA-2 atmospheric database as a
reliable tool for characterizing astronomical sites of interest. The same calibration
procedure was applied to a short skydip scan between 40° and 60° elevation from
the same scan studied, demonstrating that such scans can also be used for routine
atmospheric studies by obtaining atmospheric brightness temperature and zenith
opacity across the COMAP frequency range, with a percent error of just 4.4%.
A key outcome of the validation is the ability to perform a direct atmospheric
analysis on the OVRO site using the MERRA-2 database. A 24-year study
revealed that PWYV levels peak in summer (June-August) and reach their lowest
values in winter (December—February). These results are crucial for observation
planning, as lower PWV levels during winter enhance the detection of faint signals.
Statistical analysis showed that PWV remains around 9.5 mm for approximately
50% of the time, varying between 7.4 mm in drier periods and 15.7 mm in wetter
conditions. These variations result from the shadow effect of rain in the Owens
Valley. During winter, colder temperatures reduce the capacity of the atmosphere
to retain moisture, further lowering the PWV. In summer, higher temperatures

increase the air’s ability to hold water vapor, leading to elevated PWV levels.
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Chapter 7
Conclusion

We have presented a comprehensive analysis of the observational and instrumental
factors that play an important role in the calibration of radiotelescopes’ data
within high-level projects such as COMAP and LLAMA.

This study focused on the development and characterization of calibration sources
for the LLAMA radio telescope. The encapsulated design of the loads, featuring
well-defined thermomechanical properties, ensures high precision and reliability in
radiometric measurements. The incorporation of Mylar to minimize convection
with the surrounding environment proved to be an effective strategy for speeding
up and maintaining thermal stabilization. These calibration loads stand out
from other existing black bodies, as these sources allow for the configuration of
different physical temperatures, ranging from ambient to 70°C, through a thermal
control system based on FPGA technology. This capability enabled more precise
brightness temperature calibration by providing multiple temperature and power
measurements. Additionally, they stand out for their data acquisition, control,
and monitoring system, based on ACS software and SCPI protocols, enhances
integration with the LLAMA radio telescope platform. The data characterization
methodology implemented, based on the Y-factor technique and the general
power equation, allowed for the effective characterization of the calibration
instruments, modeling a linear relationship between physical temperature and
brightness temperature, which will facilitate its use for LLAMA users. Overall,
the calibration loads meet the technical requirements established by LLAMA,

ensuring integration with the radio telescope system.
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The performance of the COMAP receiver was successfully studied by analyzing
various power scans at different dates and times. The study was achieved owing
to the implementation of an atmospheric brightness temperature model and a
spillover model, which enabled the accurate use of sky temperature values in the
calibration of power data from the scans. The results demonstrated a robust and
consistent performance in line with existing literature. The stability of the receiver
stands out, assessed through temperature measurements across the entire COMAP
frequency range, determined using the Y-factor technique and known-temperature
calibrators. As expected, the system temperature exhibited a strong dependence
on atmospheric variations and the elevation angle at which observations were
conducted with the radio telescope. The 19-pixel COMAP array proved to be
a highly sensitive system, significantly reducing the time required for detecting
weak signals, such as CO, from years to days compared to single-pixel receivers.
Aperture efficiency decreased with increasing frequency, aligning with expected
behavior. Lamb et al. [31] states that this phenomenon does not affect data

processing.

The validation of the MERRA-2 atmospheric database through the calibration
of COMAP skydip measurements to brightness temperature proved successful.
Implementing the AM radiative transfer model with MERRA-2 data was essential
for deriving simulated zenith atmospheric opacity and brightness temperature
across the entire COMAP frequency range, enabling the calibration of skydip
power data. Applying a tipping-curve fit to the brightness temperature computed
from COMAP measurements played a key role in determining the calculated zenith
atmospheric opacity throughout the spectral range. This approach allowed for a
direct comparison between simulated opacity from the AM model and calculated
values, achieving a mean squared error of only 4%. Therefore, the MERRA-2
atmospheric database serves as a reliable tool for astronomical site evaluation.
Furthermore, the calibration of short skydip power measurements to brightness
temperature was also validated as a reliable method for atmospheric assessments,
achieving a 4.4% error margin. A spillover model dependent on elevation angle
were successfully derived from the long and short skydip calibration procedure.
As a result of this, a 24-year atmospheric study at the OVRO site, using PWV as
an indicator, was conducted directly with MERRA-2 data, revealing that PWV

remained close to 9.5 mm for approximately 50% of the observation time.
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Calibration Load Team

The Calibration Load Project would not have been accomplished without the

dedicated support of a multidisciplinary team.

Sponsor of the Project:

Rodrigo Reeves Diaz, Ph.D. in Electrical Civil
Engineering. Director of the CePIA Laboratory and
a faculty member of the Department of Astronomy at
the University of Concepcién. Principal investigator and
supervisor of the project.

Postgraduate Student:

Lilian Basoalto Salazar, Astronomer, B.Sc. in Physics.
Guided the research and project development. Organized
and planned activities within the thermo-mechanical area.
Actively participated in the physical development (design,
manufacturing, and assembly) and characterization (setup
preparation, measurements, and data analysis) of the infrared
and radiometric testing of the prototype from scratch, as well as
the final calibration loads.

Project Permanent Collaborators:
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Fernando Cortés Guerrero, M.Sc. in Physics,

Astronomer, B.Sc. in Physics. Actively contributed to the

thermo-mechanical area of the project. Played an essential role in

the physical development (design, manufacturing, and assembly)

of the prototype from scratch and the final calibration loads.
- Conducted in preparing the setups and assisted infrared and
radiometric measurements of the prototype load.

Katherine Cortés Urbina, Ph.D. and M.Sc. in Physics,
Physical Engineer, B.Sc. in Applied Physics. Responsible
for developing and implementing the receivers for radiometric
measurements of the prototype and final calibration loads. Played
\ an active role in the prototype design. Participated in preparing
the setups for radiometric measurements of all calibration loads.

David Arroyo Reyes, Electronic Civil Engineer. Project
coordinator at the CePIA Laboratory. Developed and
implemented the closed-loop temperature control system based on
FPGA for all calibration loads. Responsible for the development
of the control box for the final calibration loads.

Paulina Unanue Morales, M.Sc. in Physics, Astronomer.
Developed and implemented the control, monitoring, and data
acquisition system based on ACS control software to achieve
. integration between the LLAMA software and the thermal control
/ A‘ system for the final calibration loads.

Members of the CePIA Laboratory technical team:

Patricio Alarcéon Diaz, Industrial Instrumentation and
Control Engineer. Designed and implemented the automated
motor-mirror measurement system based on FPGA for the
radiometric measurements of the prototype.
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Jorge Munoz Mujica, Designer at CePIA Laboratory.
Designed and fabricated mechanical supports and 3D-printed
components for the radiometric testing of the prototype and
final calibration loads. Designed and manufactured the mylar
supports for all the loads. Collaborated in the design of the
automated motor-mirror measurement system based on FPGA
for radiometric measurements of the prototype.

Nicolas Lastra, Mechanical Civil Engineer. Collaborated
in the design and fabrication of mylar supports for the prototype

= and final calibration loads. Also contributed to the design of the

automated motor-mirror measurement system based on FPGA
for the radiometric measurements of the prototype.

Cristian Calquin, Electronic Civil Engineer. Implemented
the PCB cards for the temperature control and monitoring system

. of the final calibration loads. Physically updated one of the PCB

cards for the FPGA-based temperature control system of the
prototype. Collaborated in the development of the control box
for the final calibration loads.

Calibration Load Project Temporary Collaborators:

Lilian Mora, Mechanical Engineer. Actively participated
in the design of the prototype from scratch. Manufactured and
machined custom mechanical parts for performing the mechanical
and infrared tests of the prototype.

Arti Rani, Ph.D. in Radiation Thermometry. Carried out
the electromagnetic simulation in HFSS of the RAM components.
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b i Vicente Montecinos, Electronic Technician and Electronic

* Civil Engineering UdeC Student. Developed and
implemented a temperature control system based on a Raspberry
| Pi for the radiometric testing of the prototype.



178 Appendix B. COMAP Receiver Performance

Appendix B

COMAP Receiver Performance
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Figure B.1: Receiver temperature across the entire spectral frequency range of
COMAP for each individual scan is shown.
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Figure B.2: System temperature across the entire spectral frequency range of
COMAP for each individual scan is shown.
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Appendix C
(zaussian Beam Diameters

Table C.1: The primary variables involved in the Gaussian beam calculations
are presented, with the analysis centered at a frequency of 93 GHz. The first and
fifth columns display the distance (z) between the beam waist of the horn, wy,
and the RAM block of the Load, spanning from 0.0 cm to 28 cm. The second and
sixth columns indicate the beam radius wy for the corrugated horn utilized in
the receivers. The third and seventh columns provide the illumination diameters
& over a 35 dB range on the RAM block of the Load. All measurements are
reported in centimeters.

[ 2 [ w. [ & [ [ 2z [ wn [ &. |
| 00 | 04766 | 1.9062 | | 15.0 | 32669 | 13.0675 |
| 1.0 [ 05230 | 20920 | | 160 | 34802 | 13.9207 |
| 20 [ 06425 | 25700 | | 170 | 36937 | 147749 |
| 30 | 08031 | 32123 | | 18.0 | 39075 | 15.6299 |
| 40 | 09848 | 3.9393 | | 190 | 41214 | 164857 |
| 50 [ 11780 | 47120 | | 200 | 43355 | 17.3421 |
| 60 | 13778 | 55113 | | 21.0 | 45497 | 181989 |
| 70 [ 15817 | 6.3269 | | 220 | 47641 | 19.0562 |
| 80 | 17884 | 71534 | | 23.0 | 4978 | 19.9140 ||
| 90 [ 1.9969 | 7.9874 | | 240 | 51930 | 20.7720 ||
| 100 | 22067 | 8.8268 | | 25.0 | 54076 | 21.6304 |
| 110 [ 24175 | 9.6701 | | 260 | 5.6222 | 224890 |
| 120 [ 26291 | 105164 | | 270 | 58370 | 233479 |
| 130 [ 28413 | 11.3650 | | 280 | 6.0517 | 24.2069 |
| 140 [ 30539 | 122155 | \ \ \ |
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Appendix D

Deduction of Emissivity

According to the general power equation provided by Equation 3.11.3, the liquid
nitrogen power measured directly PPy, and through the mirror P}, is expressed

as follows:

Ploa=k-Av-G- (TH + Ti4) (D.1)

Plo=k-Av-G- (Th +Tiy,) (D.2)

In this context, a receiver temperature is determined both through the mirror
(TAL) and directly (T5.). Tt is also assumed that the temperature of liquid nitrogen
measured through the mirror (774,) differs from the value obtained during direct
measurement (T74,). Furthermore, the k- Av - G term can be disregarded under
the assumption of no gain variations. By dividing Equations D.1 and D.2, this

simplification is applied:

P, _ TH 4T,
Ph TR+ The

(D.3)

The resulting expression is mathematically developed to derive the receiver

temperatures as outlined in Equation 3.11.5, leading to the isolation of T}4.,:
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Tory — YM - T,

M

P, _ YM ] + T
PLDN2 Tamp — YLD—A ’ TLDN2 + TD

YD -1 LN2

L—A
Lomp _YWNZ—’_MZ_ T%\/z
_ YM 1
Tomp _M"“%_ TIZ?NQ

PI%VZ _ Tamb—T%Vz . YLD—A_1

PI{)NZ yM—1 Tamb - YLD_A
Pl ) <YM _ 1) ) (Tamb — TENQ)
Pixo YP2a-1

M
= Tamp — TLN2

Solving TM,:

M Pl (YY1 D
TLN2 = Tamp — pD ’ yD 1 ) (Tamb - TLNZ) (D'4)
LN2 L—A

Equation 3.2.9 is then employed to define the liquid nitrogen temperature measured

through the mirror as a function of the mirror’s emissivity:

T%\/Q = TLDN2 +e- (Tamb - TLDNQ) (D5)

Equations D.4 and D.5 are equated to solve for the emissivity:

D D P%VZ YM -1 D
TLN2 +e€- (Tamb - TLNQ) = Tamb - PD : YD ] : (Tamb - TLNQ)
LN2 L—A
: . Tam - T
Ph, \vp, =1 oo = 1)

=€ (Tamb - T[L,)NQ) = Tamb - T[L/)NQ -

D
Tamb - TLN 27

Piyy (YY1 D
' ' Tam =T
P v 1) o)

N (Tamb - TLDNZ)

(D.6)
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By simplifying the expression to its most reduced form, the emissivity is found
as a function of the liquid nitrogen powers, P}, and PPy,, which are directly
obtained through the power meter:

P %\m (YM — 1)

—1- . D.
=0, WP (D7)




