
PROTOCALC, a W-band Polarized Calibrator for Cosmic Microwave Background
Telescopes: Application to Simons Observatory and CLASS

Gabriele Coppi1,2aa, Nadia Dachlythra1aa, Federico Nati1,2aa, Rolando Dünner-Planella3aa, Alexandre E. Adler4,5aa,
Josquin Errard6aa, Nicholas Galitzki7,8aa, Yunyang Li9aa, Matthew A. Petroff10aa, Sara M. Simon11aa,

Ema Tsang King Sang6aa, Amalia Villarrubia Aguilar6aa, Edward J. Wollack12aa, and Mario Zannoni1,2aa
1 Department of Physics, University of Milano-Bicocca, Piazza della Scienza 3, 20126, Milano, Italy; gabriele.coppi@unimib.it

2 Istituto Nazionale di Fisica Nucleare, INFN, Sezione Milano-Bicocca, Piazza della Scienza 3, 20126, Milano, Italy
3 Instituto de Astrofísica and Centro de Astro-Ingeniería, Facultad de Física, Pontificia Universidad Católica de Chile, Av. Vicuña Mackenna 4860, 7820436, Macul,

Santiago, Chile
4 Department of Physics, University of California, Berkeley, 366 LeConte Hall, Berkeley, CA 94720, USA
5 Physics Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA 94720, USA

6 Université Paris Cité, CNRS, Astroparticule et Cosmologie, F-75013 Paris, France
7 Department of Physics, University of Texas at Austin, Austin, TX 78712, USA

8Weinberg Institute for Theoretical Physics, Texas Center for Cosmology and Astroparticle Physics, Austin, TX 78712, USA
9 Kavli Institute for Cosmological Physics, University of Chicago, 5640 South Ellis Avenue, Chicago, IL 60637, USA

10 Center for Astrophysics, Harvard & Smithsonian, Cambridge, MA 02138, USA
11 Fermi National Accelerator Laboratory, Batavia, IL 60510, USA

12 NASA Goddard Space Flight Center, 8800 Greenbelt Road, Greenbelt, MD 20771, USA
Received 2025 February 24; revised 2025 May 14; accepted 2025 May 20; published 2025 July 9

Abstract

Current- and next-generation cosmic microwave background (CMB) experiments will measure polarization
anisotropies with unprecedented sensitivities. The need for high precision in these measurements underscores the
importance of gaining a comprehensive understanding of instrument properties, with a particular emphasis on the
study of the beam properties, and especially their polarization characteristics and the measurement of the
polarization angle. In this context, a major challenge lies in the scarcity of millimeter polarized astrophysical
sources with sufficient brightness and calibration knowledge to meet the stringent accuracy requirements of future
CMB missions. This led to the development of a drone-borne calibration source designed for the frequency band
centered on approximately 90 GHz, matching a commonly used channel in ground-based CMB measurements.
The Prototype Calibrator for Cosmology, PROTOCALC, has undergone thorough in-lab testing, and its properties
have been subsequently modeled through simulation software integrated into the standard Simons Observatory
analysis pipeline. Moreover, the PROTOCALC system has been tested in the field, having been deployed twice on
calibration campaigns with CMB telescopes in the Atacama Desert. The data collected constrain the roll angle of
the source with a statistical accuracy of 0°.045.

Unified Astronomy Thesaurus concepts: Calibration (2179); Astronomical techniques (1684); Astronomical
instrumentation (799)

1. Introduction

Cosmic microwave background (CMB) observations have
been foundational to our understanding of the evolution of the
Universe and its energy content. Measurements of the small-
scale CMB temperature and polarization fields allow us to
constrain the cosmological parameters, measure the effective
number of relativistic species, and set limits to primordial non-
Gaussianity (Planck Collaboration et al. 2020a, 2020b).
Furthermore, the large-scale CMB power spectrum retains an
almost scale-invariant form and can thus be employed to study
the early Universe and initial conditions (M. Tristram et al.
2021). A particularly interesting aspect that refers to the CMB
polarization is that it can be decomposed into a strong, curl-free,
and even-parity component, E-modes, and a fainter odd-parity
and divergence-free component, B-modes (A. Kosowsky 1996).
A key difference between the two components is that, while
E-modes can be produced both by scalar and tensor

perturbations of the spacetime metric, the primordial B-modes
the CMB community is seeking can only be sourced by tensor
perturbations. Although the CMB community has obtained
precise measurements of the E-mode spectra (T. Louis et al.
2017; Planck Collaboration et al. 2020c; D. Dutcher et al. 2021),
a detection of primordial B-modes has not yet been achieved.
Such detection would provide a significant probe of cosmic
inflation (M. Kamionkowski et al. 1997; U. Seljak & M. Zald-
arriaga 1997), the current leading theory for initial perturba-
tions, according to which an initially small patch of the Universe
underwent abrupt, exponential expansion at very early times.
According to most inflationary models, an inevitable conse-
quence in this scenario would be the creation of ripples in
spacetime that are expressed through tensor perturbations of the
metric and can thus be probed via the CMB B-modes
(M. Kamionkowski & E. D. Kovetz 2016). To quantify the
inflationary gravitational wave signal we can detect from the
CMB maps, we employ the so-called tensor-to-scalar ratio, r,
i.e., the ratio between the amplitudes of tensor and scalar
perturbations. The present upper limit on the tensor-to-scalar
ratio is r < 0.036, at a 95% confidence level and associated
uncertainty of σ(r) = 0.009 (BICEP/Keck Collaboration XIII
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et al. 2021). Current-generation experiments like the Simons
Observatory (SO) Small Aperture Telescopes (SATs) aim at
constraining the tensor-to-scalar ratio with a statistical uncer-
tainty of σ(r) = 0.003 or better (The Simons Observatory et al.
2019), while next-generation telescopes like LiteBIRD and
CMB-S4 will attempt a r < 0.003 detection with a statistical
uncertainty of σ(r) < 0.001 (M. Hazumi et al. 2020; K. Abaz-
ajian et al. 2022).

Measuring r to that level of precision demands exceptionally
high accuracy in characterizing all potential systematic effects,
achieved through a thorough understanding of the instrument’s
performance. In particular, great caution must be taken when
calibrating the spatial response of the optical system—
commonly referred to as the instrument’s point-spread
function or beam—and the absolute orientation of each
polarization-sensitive detector in the telescopes’ focal planes,
commonly referred to as the absolute polarization angle. Beam
systematics such as ellipticity, increased power at large angles
away from the beam center (sidelobes), or cross-polar
sensitivity may cause the strong temperature signal to leak
into the fainter polarization data or lead to mixing between
the two polarization components (W. Hu et al. 2003;
N. J. Miller et al. 2009; The BICEP Collaboration III 2015;
A. J. Duivenvoorden et al. 2019; M. Lungu et al. 2022). These
are commonly modeled by relying on observations of planets.
However, planets are not always sufficiently bright/available
to reach the required calibration accuracies and, being
effectively unpolarized, cannot be used to calibrate the
polarization angle. A miscalibrated polarization angle can
assign part of the E-mode signal to the CMB B-mode
component, affecting the r-tensor constraint and producing a
spurious signal that could be mistaken for cosmic birefrin-
gence. Birefringence describes a signature of parity-violating
physics on the CMB and can serve as a probe of physical
processes beyond the Standard Model of cosmology
(S. M. Carroll et al. 1990; S. M. Carroll 1998; K. Murai
et al. 2023). For CMB experiments, one can correct the
polarization angle by assuming that any nonzero CMB EB
spectra are the result of an angle calibration error (B. G. Keat-
ing et al. 2013; N. Krachmalnicoff et al. 2022). This error can
be either simply corrected in the analysis or further studied as
the combination of a true instrumental miscalibration and a
rotation due to cosmic birefringence (E. de la Hoz et al. 2022;
B. Jost et al. 2023). However, in order to meaningfully
separate these two contributions, the detectors’ polarization
angles of the experiment in question must already be calibrated
with exceptional precision (M. F. Navaroli et al. 2018;
Y. Minami et al. 2019; C. C. Murphy et al. 2024). For the
reasons outlined above, it is clear that employing a strongly
emitting, fully polarized millimeter-wave source is crucial for
achieving the highest calibration accuracy in current- and next-
generation CMB instruments.

In practice, the population of astrophysical sources with
brightness well matched to the calibration needs of CMB
experiments is limited and is further reduced upon considering
polarization. Consideration of the subset of sources that are
also polarized further reduces the number of potential
calibration candidates. Planets are the most common candi-
dates for calibrating CMB experiments (J. L. Weiland et al.
2011; M. Hasselfield et al. 2013; Planck Collaboration et al.
2016; M. Lungu et al. 2022; N. Dachlythra et al. 2024), but
they are often subject to availability issues when scanning

from the ground and are very faintly polarized (maximum
polarization fraction corresponds to Uranus and is less than
3.6% according to Planck Collaboration et al. 2017). The most
promising natural candidate for polarization is Tau A (the Crab
Nebula), which allows for the determination of the average
polarization angle with accuracy Δψ ≃ 0°.33 (J. Aumont et al.
2020). This will not be sufficient for the �0°.2 accuracy in
polarization angle required at 90 and 150 GHz by modern
experiments like SO (M. H. Abitbol et al. 2021), which aim to
constrain the tensor-to-scalar ratio with biases smaller than
Δr ≃ 10−3. It is also reasonable to expect that this requirement
will become even more stringent for upcoming ground-based
missions such as CMB-S4 (K. Abazajian et al. 2022). Instead,
for cosmic birefringence measurements, the requirements are
even more stringent (P. A. R. Ade et al. 2025). Finally, it is
important to highlight that experiments like SO present
additional challenges in polarization angle calibration due to
the frequency-dependent behavior of the half-wave plate
(C. Vergès et al. 2021; P. Vielva et al. 2022). This need has
motivated the development of artificial sources. As the
calibration source needs to be placed in the far field of the
telescope, a variety of methods have been employed, including
mounting an artificial source on a tall structure (BICEP2/Keck
Array XI et al. 2019) and creating a space-based calibrator
(B. R. Johnson et al. 2015).
In this work, we introduce an aerial drone-based approach,

PROTOCALC, along with its successor, POLOCALC (F. Nati
et al. 2017), developed to calibrate various CMB telescopes,
with a particular focus on experiments observing from the
Atacama Desert in Chile. The paper is organized as follows:
Section 2 discusses the capabilities and design of the drone-
based source. Section 3 then describes the in-lab characteriza-
tion of the source, while Section 4 quantifies its expected
performance in the field via simulations. Finally, Section 5
presents initial results from a test flight over the observation
site in the Atacama Desert.

2. PROTOCALC

As already established in the Introduction, high-accuracy
calibration of current and future CMB missions requires a
source that will enable an extensive study of the beam
properties and can produce a polarized signal that is
sufficiently strong to calibrate the telescope’s polarization
angle with an accuracy better than 0°.2. In this scope, we
developed a drone-based source called PROTOCALC. This
concept was also developed for the 150 GHz band (R. Dünner
et al. 2020). This source is designed to calibrate the
instrument’s polarized response in the W band, so between
75 and 115 GHz and covering the W band of CLASS (S. Dahal
et al. 2022) and one of the middle frequency (MF) bands of the
SO (The Simons Observatory et al. 2019), and is expected to
achieve an accuracy in polarization angle of 0°.1.

2.1. UAV Platform

To keep the setup as simple as possible, we decided to use
a commercially available drone as a platform, the DJI
Matrice 600 Pro. This unmanned aerial vehicle (UAV) has a
flight time of approximately 20 minutes when at sea level
and carrying to a payload weighing 5 kg. The flight time is
reduced by 50% when the drone is flown at high altitude,
above 5000 m. This measurement strategy hinges upon the
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stability and knowledge of the source polarization angle, and
a DJI gimbal (RONIN MX13) is employed to stabilize the
payload in flight. To assess the feasibility of the drone for use
with the CLASS telescopes and SO-SATs (N. Galitzki et al.
2024), we calculate the thermal emission from the drone itself.
The thermal emission must be low enough to prevent
saturation of the telescope detectors while also allowing
sufficient overhead to operate the calibration source. For the
SO-SATs, the saturation power in the MF bands is 5.2 pW and
7.3 pW for two 25%-width frequency bands centered around
93 and 145 GHz, respectively (H. McCarrick et al. 2021).
Instead, CLASS presents higher saturation power at 90 and
150 GHz, with values of 18.4 pW and 35.0 pW, respectively
(S. Dahal et al. 2022). As is evident from Figure 1, the total
power seen by any detector is less than a conservative value of
2 pW at ≃ 250 m distance for the 90 GHz SO frequency.

Other than the emission of the UAV, it is also important that
the platform’s position is known well enough that the error in
the telescope’s pointing is negligible compared to the accuracy
required for the polarization angle. The position of the drone is
provided by the on-board Global Positioning System (GPS)
using real-time kinematics (RTK) techniques (D. Manandhar
et al. 1999). RTK is a powerful position technique that is able
to achieve a horizontal accuracy of down to 1 cm and a vertical
accuracy of down to 2 cm with respect to a given base station.
As shown in Figure 2, for a conservative accuracy of an RTK
system (4 cm horizontal and 10 cm vertical), the error in
azimuth and elevation is less than 0°.01, where we have
considered the drone flying at an elevation of 45° and an
azimuth of 180° with respect to the telescope. Additional
information on the attitude determination will be presented in
Section 2.5.

2.2. Mechanical Design and Power System

The achievable lift of the drone platform and the volume of the
gimbal mount define the allowable payload allocations for the
polarization source module. According to specification, the gimbal
weighs 2.77 kg while the maximum payload weight for the UAV
is 5.5 kg at takeoff.14 Given the weight of the gimbal and the
takeoff limit of the UAV, the maximum allowed weight for the
payload is 2 kg. The total available volume for the payload can
be represented by a 16 × 13 × 13 cm3 box. The weight and
size constraints are not the only ones that we need to consider
while designing the source. Indeed, we also need to consider
environmental constraints. In particular, PROTOCALC is
designed to work at an altitude of 5200 m, where the pressure
is roughly equal to 500 mbar. In a similar environment, passive
convective cooling by air provides insufficient heat removal to
maintain a viable temperature for the active components of the
source. For simplicity, heat dissipated by active elements is
conductively transferred through the payload mechanical bus
and removed from the system via radiative cooling. Conduc-
tion is achieved through the use of high-conductivity material
for the payload, i.e., aluminum 6061.
In order to keep the weight of the payload minimized, we

optimized the structure by removing weight, creating a
honeycomb structure that would maintain the structural
rigidity of the full assembly. Additionally, we designed
multiple components to enable easy access to the internal
components in the field. This design also enabled more
convenient testing in the lab in configurations where the setup
was not fully assembled. The polarizing grid that defines the
polarization axis is mounted at a 20° angle with respect to the
source aperture. Tilting the grid with respect to the antenna by
a small angle (<25°) prevents the formation of standing
waves. We decided on the chosen value to keep the source as
compact as possible. Given that the polarized signal coming
from the antenna and the polarization axis of the grid are
parallel, the output signal will not be affected. Small patches of
Eccosorb HR-1015 absorber are attached to the interior of the
source housing, which is realized from high-reflectivity
aluminum. This configuration prevents the formation of cavity
resonances between the source and the polarizer and
terminates reflected source power within the housing. The
camera that is used for photogrammetry (see Section 2.5) is
located outside the cavity to allow the maximum available
field of view (FOV) without obstruction. One of the key
components for accurate measurements of the roll angle of the
drone platform, which is used as a proxy for the source
polarization angle in flight, is the correct alignment between
the photogrammetry camera and grid polarizer, as will be
discussed later in Section 3.2. The structural Al 6061
components are machined with computer numerical control,
achieving a manufacturing accuracy of ≃10 mm and are
subsequently aligned in the lab as explained in Section 3.2.
The final dimensions and weight of the payload, which is
shown in Figure 3, are within the envelope given by the
gimbal, corresponding to a volume of 16 × 13 × 13 cm3 and
weight equal to 1.75 kg. All the components on board are
powered by the gimbal, which provides a DC output of 13 V
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Figure 1. Emission of the drone modeled as a blackbody in the 90 GHz band
with a bandwidth of 30%, received by a detector in a small aperture-type (like
SO-SAT or CLASS) telescope with 50 cm aperture. We included also the
power emitted by the PROTOCALC source considering a diffraction-limited
single-mode telescope. The vertical dotted line represents the far-field
distance, while the horizontal one represents a power of 2 pW, which is a
conservative saturation power for transition edge sensor detectors.

13 http://www.dji.com/ronin-mx

14 This value can be increased to 6 kg using lighter batteries with lower
capacity.
15 https://www.laird.com/products/absorbers/microwave-absorbing-foams/
single-layer-foams/eccosorb-hr
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and 3 A for a total available power of 39W. The total power
consumption of the payload is around 14W and it is dominated
by the frequency synthesizer (6W), the frequency multiplier
(4.5W), and the Raspberry Pi (3W). To power different
components, we developed a custom board that takes as input
the DC signal coming from the gimbal and converts it to the
required input voltage for each component. The gimbal’s
dynamic power consumption is 9.6W and it carries a battery
of 22.75W h. As a result, the full system of gimbal and
payload can be powered for almost one hour, which is longer
than the maximum flight time with 5.5 kg payload of
16 minutes for the chosen UAV.

2.3. Mechanical and Thermal Simulations

PROTOCALC is designed to calibrate telescopes situated at
different observing sites; therefore, it is crucial to verify that
the developed setup can be deployed in challenging environ-
ments such as the site at Cerro Toco in the Atacama Desert,
where several CMB telescopes are located. Thermal simula-
tions are used to verify the following design considerations:
(1) all the components work within temperature specifications,
and (2) the differential contraction of the materials does not
result in misalignment of the optical components by more than
the required accuracy in polarization angle. To carry out this

assessment, we performed mechanical and thermal simulations
using the Autodesk Fusion360 software.16 For PROTOCALC,
we set up the simulation considering a scenario where the only
mechanical load is gravity and the mechanical constraint is the
contact surface between the payload and the gimbal. Regard-
ing the thermal loads, we included all the sources of heat
introduced in Section 2.2 and also radiative cooling. Due to
limitations on the drone operating temperatures, the calibrator
will be deployed when the temperature is around 0°C or
higher. We can therefore set this value as our environment
temperature in the simulation. The thermal, stress-free
temperature is considered to be 20°C, which matches the
value of the typical laboratory temperature where the payload
is assembled and characterized. The results of the simulation
are presented in Figure 4. The relative displacement between
the camera and the holes from mounting the polarization grid
is negligible (�10 mm). The final temperature is predicted to
be between 6°C and 12°C, which is well within the operating
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Figure 2. Error in azimuth and elevation coordinates of the drone at a distance of 500 m and 45° elevation. The typical RTK uncertainty at the Atacama site is 6 cm
in the vertical position. The plot shows a worst-case scenario of a constant 10 cm error.

Figure 3. The payload with all the components.

Figure 4. Displacement computed using a thermomechanical simulation on
the payload.

16 https://www.autodesk.com/products/fusion-360/
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range for all the components used for the project. These results
demonstrate that the choice of aluminum is justified. Indeed,
the high conductivity of aluminum means that the payload
temperature does not vary significantly, and this is reflected in
the small relative displacement between the components.

2.4. RF Configuration

The core element of PROTOCALC is the calibration source.
For this project, we chose a radio-frequency (RF) source that
emits only in the frequency band we want to calibrate. As
mentioned before, the output frequency of PROTOCALC is in
the W band, so between 75 GHz and 115 GHz. For the specific
application of PROTOCALC, we set the output frequency at
90 GHz. For the source to produce this signal, we use a Valon-
5019 frequency synthesizer that generates a signal up to
20 GHz. This signal is then multiplied by a factor of 6 by the
Eravant frequency multiplier17 to the desired frequency. The
multiplier waveguide output is in a rectangular waveguide
(WR 10.0) with a spectral range of 75–110 GHz (W band). As
a result, for a typical 30% bandwidth of CMB telescopes
centered around 90 GHz, PROTOCALC can calibrate the
whole band. At the output of the multiplier, we have a
directional coupler with a 20 dB directivity and 20 dB
coupling. We decided to use this component so that we can
monitor the status of the source with a diode that is read by an
analog-to-digital converter (ADC). Even though the presence
of the directional coupler attenuates the signal, the multiplier
has a fixed output of 13 dBm, so it is necessary to further
attenuate the signal. Indeed, also considering the distance of
the source from the telescope, this high power would
completely saturate the detectors. So, to reduce the output
power, we employ a passive, 30 dB attenuator after the
multiplier. A near-field probe is used as a low-gain (6.5 dBi)
antenna, which provides a beam of ≃115° × 60° at 90 GHz.
The signal emitted by the near-field probe passes through a
polarizing wire grid (located at 6 mm after the antenna
aperture) that defines the polarization direction of the final
source module and the mode-shape (see the first definition of
polarization by A. Ludwig 1973). The grid is manufactured by
PureWave Polarizers18 and uses tungsten wires of 10 mm

diameter and a wire-spacing of 100 mm. A full representation
of the configuration is presented in Figure 5. All the
components are controlled by a Raspberry Pi (RPi) unit,
specifically the RPi 4b. This computer sets the correct
parameters for the frequency, power output, and frequency
modulation of the Valon-5019. The modulation phase is
estimated using the clock of the RPi. This one is synchronized
with GPS time, which is the timing source used for the
telescopes. An ADC that digitizes the signal output of the
diode is connected to the RPi. Finally, this signal is then
recorded and time-tagged on the RPi on-board memory for
postprocessing analysis.

2.5. Attitude Determination

Achieving a precision of 0°.1 requires meticulous attention to
the calibration device’s orientation and position. As mentioned
in Section 2.1, the DJI drone is equipped with RTK
technology, allowing for vertical location accuracy of
approximately ≃2 cm. While the GPS system provides
positional information and rudimentary heading accuracy, the
primary goal for PROTOCALC remains to calibrate the
instrument’s polarization angle. To this end, we have outfitted
the payload with our primary sensor for estimating the Euler
angles: a photogrammetry camera described in detail by
R. Dünner et al. (2020). Specifically, we have chosen the Sony
RX0-MII. This camera is powered by its internal battery and
additionally has its own storage configuration. Indeed, the
camera uses an internal microSD to save the videos. The main
characteristics of the camera are presented in Table 1. Finally,
the camera interfaces with the RPi, as detailed in the
Appendix. Furthermore, our approach to attitude reconstruc-
tion via photogrammetry involves deploying georeferenced
targets on the ground and analyzing the captured videos to
accurately estimate the payload’s Euler angles.

3. Laboratory Calibration

3.1. RF Calibration

We first test all RF components separately and then add one
component at a time to compose the final RF configuration.
The passive components (waveguide directional coupler and
fixed attenuator) were analyzed using a vector network
analyzer (VNA) to verify specified performance prior to
integration. However, for the active components, such as the

Figure 5. RF schematic output of PROTOCALC. We present also the output power from each components as measured with a power meter. Dashed lines represent
coax connections between the components while solid lines represent waveguide connections. Finally, dashed–dotted lines represent communication connections
(serial or I2C) between components and the RPi.

17 https://www.eravant.com/75-to-110-ghz-13-dbm-output-power-wr-10-
waveguide-w-band-x6-active-frequency-multiplier
18 https://purewavepolarizers.com/wire-grid-polarizers/10-micron-wire-far-
ir-thz-polarizer
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Valon-5019 and the frequency multiplier, we performed
multiple tests using a signal/spectrum analyzer.

The performance of the Valon-5019 was assessed in the first
testing phase. In particular, we tested the stability and accuracy
of the frequency output of the synthesizer and output power.
We tested the Valon for frequencies between 10 GHz and
19 GHz.19 We then tested the Valon coupled to the multiplier
to verify the expected output in the CMB calibration band at
90 GHz. Both tests, Valon only and Valon + multiplier, were
performed using a spectrum analyzer. The model available is
limited to 40 GHz input, so for the Valon + multiplier test we
needed to couple the source to the spectrum analyzer using a
harmonic mixer for the full chain tests.

The test results are presented in Table 2. Note that these
tests were performed using a spectrogram for only five
minutes, except for the stability tests, which lasted approxi-
mately 1 hr. The analysis indicated that the frequency output
and power of the chain neither drift throughout an entire
acquisition nor change significantly. Both short and long tests
were performed when the multiplier thermalizes, which is
between 5 and 10 minutes after turning it on, depending on the
heat sink and on the environment. We repeated these tests
multiple times under different environmental conditions
(laboratory temperature varying between 18°C and 22°C)
without noticing any deviation from the values presented here.

Finally, we also characterize the diode using a power meter
and the directional coupler. In particular, we wanted to
measure the responsivity of the detector and optimize the
position of the directional coupler in the RF chain. Since the
output of the multiplier is too large for the telescope, we need
to add an attenuator. We position this attenuator before or after
the directional coupler. The only limiting factor in this case is
the capability of the detector to measure the power at the

coupled port of the coupler itself. We find that if we position
the attenuator before the directional coupler, the diode will
receive too little power and will not be able to detect any
signal. Consequently, we place the attenuator at the output of
the directional coupler so that the diode is capable of
measuring the signal. In this regime, the responsivity of the
diode is measured as 689.5 mVmW−1.
The directional coupler and the attenuator were tested with a

VNA and did not show any deviation from the specified values
of the components.

3.2. Optical and Attitude

The first part of the optical calibration for PROTOCALC
involves the intrinsic matrix and distortion coefficients of the
camera. For this step, we take advantage of existing software
that can be found in openCV (G. Bradski 2000). We assume a
“chessboard-like” calibration pattern at a distance slightly
greater than the hyper focal distance of the camera, which for
the Sony RX0-II is around 1.7 m. The size of the calibration
pattern has been chosen so that it fills approximately 60% of
the FOV at a distance of 2 m. In order to calibrate the camera
for operational conditions, we set the camera with the
parameters that we plan to use. In particular, we set the
recording mode of the camera to manual video mode at a
resolution of 4096 × 2160 with a frame rate of 29.997 Hz. The
manual mode ensures that we can set the focal distance to
infinity and disable the electronic stabilization. We record a 10
s video, and then the code, using openCV routines, first
recognizes the pattern in each frame and later uses the
corresponding function of the calibration camera to obtain the
camera parameters. The camera parameters describe the
camera following the pinhole camera modeling with modifica-
tion to include the radial and tangential distortion introduced
by the lens (D. A. Forsyth & J. Ponce 2012). This assumption
is valid given the size of the FOV.
Once the camera is calibrated, it is crucial to study its

alignment with respect to the polarizing grid as the latter
defines the polarization vector of the source, while the camera
is used for attitude reconstruction. The relative rotation
between the vertical axis of the polarizing grid and the vertical
axis of the camera is called ψ. The geometry is presented in
Figure 6. For this study, we use a laser pointing at the center of
the polarizing grid, which creates a diffraction pattern in the
far field. To keep the laser pointed at the center of the grid, we
used a 3D-printed mount that is connected to the WR-10 flange
of the multiplier. With this method, the calibration can also be
performed in the field as long as a flat nonreflective screen is
present.
The diffraction pattern is photographed with the camera, and

the images are analyzed. First, the images are preprocessed
using a Gaussian smoothing and to recognize the diffraction
maxima. To obtain the rotation angle, we fit a rotated parabola
using two different data sets: one using only the centroid of
each blob in the diffraction pattern and one using all the
centroids along a column. The choice to fit a parabola is
because this curve encompasses the information that the grid is
tilted with respect to the laser. Additionally, we used the least-
squares and Markov Chain Monte Carlo fitting techniques to
compare the results. All the analysis is performed using a
laboratory version of Image Processing Analysis (IPA;
G. Coppi 2025), which has been developed specifically to
analyze the images of the project. In all methods, the centroid

Table 1
Main Properties of the Sony RX0-MII Camera

Property Value

Field of view 84°
Maximum resolution (video mode) 4 K
Maximum frame rate ≃30 Hz

Table 2
Measured Properties of the Valon-5019 and the Valon and Eravant Multiplier

Valon Only Valon + Multiplier

Frequency accuracy 1 kHz 10 kHz
Frequency stability 0.5 kHz 5 kHz
Bandwidth 3 kHz 100 kHz
First harmonic level −20 dB −40 dB
Output power −3

*
dB m 12.1 dB m

Power stability −0.01 dB 0.05 dB

Note. The properties are measured at nominal output frequencies of 15 GHz
and 90 GHz for the Valon and Valon + multiplier, respectively. The output
power of the Valon only is set at −3dB m due to input power requirements of
the multiplier, but can be set at multiple levels. By frequency accuracy, we
mean the difference between the measured frequency and the one that has
been set.

19 With the new firmware update, the Valon-5019 can achieve a maximum of
20 GHz, but this firmware was not available at the time of testing.
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of the main maximum is used as a prior for the vertex of the
parabola. The resulting fitted parabola is presented in Figure 7.

The fitting results are consistent between the methods, and
we estimate the error in the angle of a single image as
ΔΨ = 0°.007. When analyzing multiple images, the statistical
error reduces to ΔΨ = 0°.002. The resulting offset between the
camera and the grid, as defined in Figure 6, is Ψ = 0°.03.

The final component optically characterized was the angular
response of the near-field probe. The E- and H-planes of the
antenna power pattern were measured as a function of angle
using the VNA and then the FWHM was derived from the
response. We find slightly different values at 90 GHz between
the fitted and expected FWHMs. In particular, we measured
107° and 66° for the E- and H-plane beam widths,
respectively. This means a difference of a few degrees with
respect to the nominal values of 115° and 60°. However, given
the large beam on both planes, this is not expected to
significantly affect our calibration strategy.

4. PROTOCALC Simulation

Scheduling the flight and optimizing the calibration campaign
were critical tasks for a project of this nature, given that the
available calibration time is limited to less than 10minutes. This
is due to the UAV’s flight duration at an observing altitude of
5200m. To address this challenge, we developed a simulation
suite that is based on the TOAST framework (T. Kisner et al.
2021). This allows us to generate a time-domain simulation that
mimics the calibration campaigns performed in Chile and
includes both the environmental and instrumentation effects.
The goal was to generate a scan strategy that roughly covers one
SO-SAT detector module spanning approximately 12° on the sky
(the SO-SAT focal plane comprises seven wafers in total) and
analyze the simulated drone signal, with a particular focus on
recovering the absolute polarization angle. After considering
different scanning patterns, such as moving the telescope only in
one direction or performing a grid scan, we decided to allow the
drone to move only in elevation while the telescope moves only
in azimuth. In particular, we chose the drone flight schedule to
match one of the schedules designed for the previous observation

campaign (G. Coppi et al. 2022) and we use the resulting scan
strategy for every 10minutes simulation we generated. The
projected position of the drone on the focal plane is illustrated in
the first panel of Figure 8, from which we find that the achieved
drone coverage corresponds roughly to a third of the wafer.
Alternatively, ∼300 detectors will see the drone in a single scan
(about 250 of them will see it twice).
We simulate a calibration campaign for the SO-SATs and

focus on the central wafer of one of the MF telescopes. The
drone is positioned 500 m away from the telescope, transmit-
ting a signal with an amplitude of −18 dB mm and centered at
a frequency of 90 GHz. We fix the telescope boresight at a 50°
elevation at all times and include a random error in the drone
position that reflects the realistic uncertainty in the GPS
measurements. Moreover, we take into account the effects of
acceleration and deceleration and eventual wind gusts that can
move the drone from its scheduled path. Furthermore, the
simulation pipeline includes the emission from the atmos-
phere, even though we expect the latter to be significantly
subdominant to the bright thermal emission of the drone.
Indeed, for median weather conditions (PWV ≈ 1 mm) at
5200 m and an observing elevation of 50° through 500 m of
atmosphere, the drone signal is simulated to be 50–60 times
brighter than the background atmospheric signal. Therefore,
the performance of the simulation analysis is not expected to
vary significantly from one wafer to another. We simulate a
10 minute flight per day for each day spanning from the
beginning of April until the end of July (four months),
assuming an azimuthal speed of °0.5 s 1 and sampling at 37 Hz.
The SO-SATs half-wave plate (HWP) is assumed to be
continuously spinning during the simulations with a rotation
frequency equal to 2 Hz.
As the primary objective of PROTOCALC is to calibrate the

polarization angle, we make the simulated signal fully
polarized and we assign to each simulation a different value
for the polarization angle,20 which is drawn from a Gaussian

Figure 6. Definition of the rotation angle ψ between the camera and the
polarization grid. In PROTOCALC, the grid presents a vertical polarization
axis, but for visual representation we show a rotated axis to highlight the
angle.

0 500 1000 1500 2000
Horizontal Pixel Count

0

50

100

150

200

250

300

Ve
rti

ca
l P

ixe
l C

ou
nt

Fit
Centroids

Figure 7. Parabola fitted to the diffraction pattern. The centroids of all
diffraction maxima are plotted as red dots.

20 For the purpose of the simulation, the Ψ angle defined in the previous
section is identical to the polarization angle. This implies that the passage from
the camera coordinate system to the one defined by the grid has already been
performed.
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distribution of mean and standard deviation 90° and 0°.1,
respectively. The latter matches the true uncertainty we expect
for the roll angle of the drone. Once the timestreams are
generated, they are fed into the TOAST map-maker, which
produces the Stokes I, Q, and U beam maps that will be used to
determine the polarization angle. The second, third, and fourth
panels of Figure 8 show an example set of beam maps for a
single flight. Note that, in practice, the drone data will also be
used for pointing calibration and are expected to play a key
role in reconstructing the SO-SAT polarized beams. However,
for the purposes of this section, we will focus solely on the
polarization angle. Results from past drone campaigns on
pointing and beam fitting will be presented in an upcoming
publication in the near future. Each flight with this scanning
strategy covers ≃100 detectors with at least three crossings per
detector; the signal-to-noise ratio per detector is expected to be
above 40 dB (N. Dachlythra et al. 2024).

Once the ∼120 simulations are mapped, we estimate the
absolute polarization angle, f, by fitting 2D Gaussian beams to
each simulation’s Q and U beam maps and employing the

corresponding fitted amplitudes:

( )=
U

Q

1

2
arctan . 1

The achieved reconstruction uncertainty on f is estimated as
σ ≈ 0°.098. The small reconstruction error further highlights
the advantages of using an artificial source with increased
polarization brightness, such as PROTOCALC.

5. In-flight Performance

PROTOCALC has been tested in the field three times. The
first time was in 2022 April, the second in 2023 January, and
the third in 2024 May. For all these campaigns, PROTOCALC
flew along with another source at 150 GHz, namely Hovercal
(R. Dünner et al. 2020).
PROTOCALC was tested while calibrating one of the

CLASS telescopes (W band) for all the flights, while SO was
targeted only for the latest campaign flight. For SO, we
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Figure 8. Scanning pattern of the drone over a single array and the resulting maps from this simulated flight. The pattern replicates the programmed flight plan that
we have during a typical calibration campaign.
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targeted two of the MF SATs, looking especially at platforms 1
and 3, from now on SO-SAT1 and SO-SAT3. Throughout a
single calibration day, we alternated the two sources to
calibrate different bands. We equally split the number of
flights between the two payloads, with a maximum number of
six flights per payload. Each flight was between 10 minutes
and 12 minutes with approximately 5 minutes total between
ascending and descending. The drone flew at an altitude of
350 m with respect to the starting point, scanning in elevation
and keeping a constant distance of approximately 500 m from
the telescope. With the simulation framework introduced in
Section 4, we found that the optimal scan strategy for the SO-
SATs involves moving the telescope only in azimuth. The RF
source was tested in different configurations with and without
chopping. The frequency chosen for the chopping system was
set to 47 Hz, which is far from the 10Hz modulation and away
from the higher harmonics of the modulation frequency
introduced by the variable-delay polarization modulator
(VPM; K. Harrington et al. 2018) system on CLASS and
further from the 8 Hz modulation of the SO HWP (K. Yamada
et al. 2024). The modulation is introduced at the Valon level
that supports amplitude modulation via firmware.

A single flight of the drone can target the calibration of
multiple telescopes. Specifically, during the third flight both
SO-SAT1 and SO-SAT3 observed the drone and the CLASS
W-band telescope. For this flight, the source was moving in
elevation while pointing at SO-SAT3,21 while all three
telescopes were moving in azimuth.

The raw signal, as observed during the same flight from SO-
SAT1 and from CLASS W-band, is shown in Figure 9. The
source signal at the modulation frequency of 47 Hz is evident
in both illustrated timestreams. Further analysis must be
performed to extract the signal and produce the calibration

maps. However, the presence of the strong line at the chop
frequency indicates that the polarized emission from the source
is seen by the telescopes.
As mentioned in Section 2.5, to compute the attitude of the

source, the main sensor is the photogrammetry camera. The
camera is in video mode with the manual focus set to infinity.
Other parameters, such as the ISO and shutter speed, are
chosen to maximize the visibility of the ground targets. To
analyze the video, we developed the flight version of IPA. In
this code, the initial step is to locate the target in each video
frame. To do this, we start by inputting each target’s
coordinates in pixel space along with its color in RGB space.
To estimate the target location in the second frame, we
compute the homography matrix (R. I. Hartley & A. Zisser-
man 2004) between the frames to estimate a preliminary
extrinsic matrix and a preliminary new target location. Then,
we convert the frame in CIELAB color space (International
Commission on Illumination 2004) and we search for the
target around the preliminary location using as a metric the
ΔE2000 color distance (G. Sharma et al. 2005). The target
location is then estimated as the centroid of the filtered
distance map. This process is then repeated for the third frame,
knowing the position from the second frame, and so on until
the end of the video. The target recognition and the layout of
the distribution of targets are presented in Figure 10.
Once we obtain all coordinates in pixel space, we can then

estimate the translation and rotation vectors using Perspective-
n-Point techniques implemented in openCV. These algorithms
are capable of estimating the position of the camera with
respect to fixed points in space given a camera model and
parameters. Indeed, all the target positions are known with
high precision since they have been measured using RTK.
However, there are degeneracies between the elements in the
translation and rotation vectors. To break this degeneracy, we
use the translation vector provided by the GPS measurements
and minimize the reprojection error using least squares. The
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Figure 9. Power spectra of a single detector throughout an entire flight for both SO and CLASS. For the SO power spectrum, we highlight both the 8 Hz modulation
frequency of the HWP in blue and 47 − 8 Hz and 47 + 8 Hz in gray. Instead, for CLASS the VPM signal is in blue; notice the small lines at 47 − 10 Hz and
47 + 10 Hz that are present here. For both power spectra, we also highlight in black the 47 Hz signal coming from the source.

21 The platform for SO-SAT3 is located in the middle between CLASS and
SO-SAT1 and was chosen for this reason.
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uncertainty in the reconstructed camera roll angle is presented
in Figure 11. The roll angle is a proxy for the polarization
angle; indeed we need to include the projection effects due to
yaw, pitch, and the grid rotation to get the latter. These values
have been computed using jackknife resampling, where the
angles are reconstructed each time, removing one of the targets
at the solvePnP level. The mean value is 0°.045 as shown in
Figure 10, which is lower than the designed value of accuracy
for PROTOCALC. However, it is important to notice some
outliers, which correspond mostly to times when the drone
moves fast, especially at turnaround points. The results from
the analysis of roll angle provide crucial information for future
calibration campaigns. Indeed, by combining this information
with a simulation, we can choose the best calibration strategy
that factors in drone speeds.

6. Conclusion

In this paper we presented a new calibrator for CMB
telescopes that has been successfully developed and deployed
in the field. The full calibration analysis for the CLASS and
SO telescopes is ongoing and it will be presented in full in a
future publication. In the laboratory, we show clearly that the
source can be aligned with an accuracy smaller than 0°.01. This
shows the potential to use this source for next-generation
ground-based experiments, such as CMB-S4. We successfully
performed calibration tests multiple times at the site in Chile
with multiple telescopes, CLASS W-band and two SO-SATs.
Throughout these tests, the source was observed by the
telescopes. Additionally, we analyze the data from the
campaign to show the accuracy of the roll angle reconstruc-
tion. In particular we found a mean accuracy value of 0°.045

throughout a single flight. This accuracy is currently the
limiting factor for the accuracy of PROTOCALC, and future
versions of the instrument will further improve this value
through the use of additional motion sensors in combination
with the photogrammetry. The purpose of the paper is to
highlight the potential of PROTOCALC and we thus present
only the roll angle. However, we note that future publications
will present the polarization angle calibration for both
telescopes using this method and including the effects of the
polarization modulators.
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Appendix
Software Design

PROTOCALC utilizes the Raspberry Pi 4 as the main flight
computer. This model offers the advantage of multiple serial
outputs and a CPU with multiple threads. The nominal power
consumption of the RPi4 is approximately 3.5W, well within
the power budget. PROTOCALC is managed by an in-house

Figure 10. View of the site as seen by the photogrammetry camera. The
recognized targets are enclosed in light green squares and a zoom of one of
them is presented. Here, we show the process to recognize the target from the
image.

Figure 11. Histogram presenting the uncertainty of the roll angle of the
camera estimated using jackknife resampling for each frame. The black
vertical line represents the average value of the uncertainty.

22 https://scipol.in2p3.fr/
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developed Python code named PORTER (for PROTOCALC
control system program; G. Coppi 2025). The software
initiates automatically upon powering up the RPi. Initially, it
checks the time and GPS signal, updating the RPi’s clock
using the chrony software.23 In the absence of any GPS signal,
an external real-time clock maintains accurate time with a
precision of 2 ppm at operational temperatures.24 Following
clock synchronization, PORTER configures the necessary
parameters for the Valon-5019. These two are the highest
priority operations and are executed serially as they only need
to occur once when beginning the operations. After initializa-
tion of these core components, PORTER controls and reads
multiple sensors, including the camera, the ADC, and the GPS.
Due to this multisensor configuration, PORTER is threaded to
deal with multiple sensors concurrently. Each sensor but the
camera uses the same code structure, so that it is possible to
create a yaml file with a series of parameters to configure the
sensors. The camera requires specific software since it uses the
Picture Transfer Protocol. For this reason we control the
camera using the core commands of Sony GUI Remote
(SOUR; G. Coppi 2025), a Python code designed to manage
multiple Sony cameras through a graphical user interface
(GUI).25 Leveraging the RPi’s clock, it is feasible to
synchronize the camera’s timing and adjust its internal clock
before commencing video recording.
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