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ABSTRACT

Context. The Baryon Acoustic Oscillations from Integrated Neutral Gas Observations (BINGO) telescope was designed to measure
the fluctuations of the 21 cm radiation arising from the hyperfine transition of neutral hydrogen. It is also aimed at measuring the
baryon acoustic oscillations (BAO) from such fluctuations, thereby serving as a pathfinder to future, deeper intensity mapping surveys.
The requirements for the Phase 1 of the projects consider a large reflector system (two 40 m-class dishes in a crossed-Dragone config-
uration) illuminating a focal plane with 28 horns to measure the sky, with two circular polarizations in a drift scan mode to produce
measurements of the radiation in intensity (/) as well as the circular (V) polarization.

Aims. In this paper, we present the optical design for the instrument. We describe the optical arrangement of the horns in the focal
plane to produce a homogeneous and well-sampled map after the end of Phase 1, as well as the intensity and polarization properties
of the beams. Our analysis provides an optimal model for the location of the horns in the focal plane, producing a homogeneous and
Nyquist-sampled map after the nominal survey time.

Methods. We used the GRASP package to model the focal plane arrangement and performed several optimization tasks to arrive at
the current configuration, including an estimation of the sidelobes corresponding to the diffraction patterns of the two mirrors. The
final model for the focal plane was defined through a combination of neural network and other direct optimization methods.

Results. We arrived at an optimal configuration for the optical system that includes the focal plane positioning and the beam behavior
of the instrument. We present an estimate of the expected sidelobes both for intensity and polarization, as well as the effect of band
averaging on the final sidelobes, as well as an estimation of the cross-polarization leakage for the final configuration.

Conclusions. We conclude that the chosen optical design meets the requirements for the project in terms of polarization purity and
area coverage as well as a homogeneity of coverage so that BINGO can perform a successful BAO experiment. We further conclude that
the requirements on the placement and rms error on the mirrors are also achievable so that a successful experiment can be conducted.

Key words. telescopes — radio lines: general — instrumentation: miscellaneous — cosmology: observations

1. Introduction

The Baryon Acoustic Oscillations from Integrated Neutral Gas
Observations (BINGO) project is a two dish radio telescope'
aiming to observe the 21 cm line corresponding to the hyper-
fine transition of neutral atomic hydrogen (HI). It will survey a
sky area of ~5324 square degrees (i.e., about 13% of the sky) in
a redshift range spanning from 0.127-0.449 (corresponding to a
frequency span of 980-1260 MHz).

Large-scale structure maps of the Universe have been made
using optical galaxy spectroscopic surveys (Eisenstein et al.
2005; Beutler et al. 2011; Blake et al. 2011; Bautista et al. 2020;
du Mas des Bourboux et al. 2020), however, only a small fraction
of the Universe has been mapped with such techniques. It is clear
that the advent of multi object spectrographs can assist the opti-
cal cosmologist in carrying out this task with greater efficiency
(Levi et al. 2019). When we observe the sky in the radio part of

I Although we have two dishes, the telescope works as a single dish

radiometer, see Paper II of this series.

Article published by EDP Sciences

the spectrum, we are able to map such spectroscopic information
of the 21 cm line without having to specifically obtain the red-
shift of individual objects because we can obtain information at
each frequency for the entire field. We obviously cannot identify
each galaxy individually if the spatial resolution prevents us from
doing so, however, we can directly obtain information about the
redshifts of the galaxies present in the beam simply since there
is minimal confusion between the 21 cm line and other emission
in the radio part of the spectrum.

It has been proposed that mapping the Universe measuring
the collective 21 cm line emission of the underlying matter (e.g.,
Madau et al. 1997; Battye et al. 2004) at low resolution may be
much more efficient than doing so at higher resolutions or with
optical spectrographs. This technique is called intensity map-
ping (IM; Peterson et al. 2009). The IM observation technique
uses, in its most common realization, the 21 cm line emission
line of HI, but possibilities of exercising this technique also
exist using other lines, such as carbon monoxide lines (e.g., Lidz
et al. 2011; Gong et al. 2012; Pullen et al. 2014). H121 cm line
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IM has been proposed as the main technique in several other
projects such as MeerKAT (Santos et al. 2017), Tianlai (Chen
2012), CHIME (Bandura et al. 2014), HIRAX (Newburgh et al.
2016), and HERA (DeBoer et al. 2017), as well as SKA (Square
Kilometre Array Cosmology Science Working Group 2020). The
BINGO project will serve as an excellent opportunity to test IM
performance in our redshift range. Details of IM and component
separation approaches are described in two companion papers
(Liccardo et al. 2021; Fornazier et al. 2021).

The BINGO telescope will measure HI in emission, the most
common component present in our Universe. If we assume that
the Hidistribution follows the matter distribution in the Uni-
verse, we will be in a position to have a detailed map of the
matter in intensity maps (Switzer et al. 2013). This will allow us
to be the first experiment to measure the baryon acoustic oscil-
lations (BAO) in the radio frequency band, although previous
BAO detections have already been achieved in optical surveys
(e.g., Eisenstein et al. 2005; Masui et al. 2013; Wolz et al. 2016,
2022).

The desired BAO signal depends on the width of the chosen
bins in redshift and for binnings that correspond to around 0.05
in redshift (for an optimization of the binning width see Costa
et al. 2022), this signal is on the order of a few hundred pK, more
than 1000 times weaker than the smooth spectrum foreground
signal. The relative strength of the foregrounds, which are par-
tially linearly polarized and concentrated towards the Galactic
plane, means that the observations need to be made with clean
beam, low sidelobe levels and a very good level of polarization
purity, to minimize RFI pick-up (Harper et al. 2018; Peel et al.
2019).

The need to resolve structures of angular sizes corresponding
to a linear scale of around 150 Mpc in our chosen redshift range
implies that the required angular resolution should be close to
~40" (Battye et al. 2013). The above requirements set out the pri-
mary scientific constraints to BINGO’s optical design. The aim
of this paper is to describe the steps that generate such a design,
satisfying the requirements of the project in terms of polariza-
tion purity, beam shape, homogeneity of the covered area, and
good sky sampling.

During Phase 1, the instrument should operate with 28 horns,
a system temperature of Tsys ~ 70 K per receiver and should be
able to measure / and V polarization (Wuensche et al. 2022).
The motivation of this paper is to describe the development of
BINGO optical system relative to Phase 1. The BINGO project
is described in Abdalla et al. (2022) and the current status of
the project is presented in the companion papers (Abdalla et al.
2022; Wuensche et al. 2022; Liccardo et al. 2021; Fornazier et al.
2021; Zhang et al. 2022; Costa et al. 2022).

This paper describes the steps to produce the optical design
that meets the BINGO scientific requirements. Section 2 con-
tains a description of the optical design. Section 3 contains
a study of the focal plane and description of the possible
arrangements of horns in the focal plane. Section 4 sets out an
optimization of the horn responses given their locations in the
focal plane. Section 5 outlines the resulting beam profiles, pro-
jected beams for the scanning strategy and polarized responses
as well as other properties of the optics chosen after optimization
of the horn locations. We conclude our findings in Sect. 6.

2. BINGO optical design
2.1. Science requirements summary

Before embarking on an outline of the optical model definition,
here we summarize the scientific requirements that are currently
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Table 1. Requirements presented in Battye et al. (2013) for the BINGO
telescope.

Requirement Value
) Angular resolution 40 arcmin
(i1) Operating frequency 960-1260 MHz
(iii) Frequency resolution >1 MHz
@iv) Frequency baseline as free as

Possible from instrumental ripples
) Exceptionally stable receivers
(vi) Sky coverage >2000 deg?
(vii) Number of feeds >50
(viii) Sidelobe levels as low as possible
(ix) Beam ellipticity <0.1
x) No moving parts
(xi) Projected aperture diameter 40m

of the primary reflector

(xii) Minimum number of pixels in the 50
focal plane
Each of them satisfying:
(xii) — (a) Forward gain-loss in <1dB
Comparison to central pixel
(xii) — (b) Cross-polarization better than -30dB
(xii) — (c) Beam ellipticity <0.1
(xiii) Focal length 90 m
(xiv) Instantaneous field of view 10° x 9°

present in the literature. We discuss these requirements to a great
extent throughout the manuscript; however, we set out an initial
list here of the requirements already accepted in previous analy-
ses (Battye et al. 2013). These requirements are summarized in
Table 1.

The operating frequency range is chosen such that we may
avoid strong RFI from mobile phone downlinks. The current fre-
quency interval is 980—-1260 MHz and was chosen after the 2017
RFI campaign described in Peel et al. (2019). Stable receivers
are a must to reach the required sensitivity of ~100 pK per pixel,
needed for BAO detection, and to minimize the nocive 1/f con-
tribution to the system temperature, estimated to be Tsys = 70 K.
These and other instrument requirements are presented in a
companion paper by Wuensche et al. (2022).

As explained in Battye et al. (2013), Fifty horns were shown
to be an optimal number to achieve a good sensitivity for BAO
detection. The setup discussed in this paper contains 28 horns in
a different focal plane arrangement. This arrangement was tested
in mission simulations and it delivers the required sensitivity,
as discussed in the companion paper by Liccardo et al. (2021).
Ultimately 28 horns will yield a less sensitive survey than the
original 50 horns, however the simulations in this paper and the
ones in Liccardo et al. (2021) show that this setup provides good
enough results for the science to be achieved.

The low sidelobe requirement mentioned in (Battye et al.
2013) is expected to be achieved, since the measurements of
the first sidelobes and beam shape of the prototype horn are
well under —20 dBi and, in most of the frequency range, below
—30dBi. The beam symmetry is also well characterized in those
measurements, as described in Wuensche et al. (2020). These
low sidelobes are also needed to avoid ground pickup and RFI
contamination from surface sources (mobile stations, ground
radio links, etc).

The beam ellipticity shown in Table 1 would allow for map-
making and power spectrum analysis routines to work efficiently.
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A telescope with no moving parts would be stable, simple,
and low-cost. An underilluminated primary reflector of 40 m is
required in order to reach a resolution better than 40 arcmin at
1 GHz. The other requirements were reached after an extensive
analysis presented in Sects. 3 and 5 of Battye et al. (2013), and
the values presented in Table 1 serve as the baseline for this
work.

2.2. Optical model definition

The current optical design for BINGO is based on a two mirror,
off-axis, crossed Dragonian design (Dragone 1978; Tran et al.
2008), which is very common in CMB experiments because it
minimizes cross polarization (e.g., Poidevin et al. 2018), so that
the focal plane is at right angles to the incoming light, preserving
the polarization of light. The primary mirror is a parabolic mirror
with a focal length (f) of 140 m; the mirror is symmetric around
its z axis and is a cut out of this parabola in the (x, y) plane
centered at 226.54 m away from the origin with a diameter (D)
of 40 m in this same (x, y) plane. This reference system will be
called the global reference frame and the center of the primary is
located at coordinates (x = —226.54,y = 0,z = 91.64) m in this
frame.

The secondary mirror is a hyperbolic mirror. The origin
of this hyperbola is placed at the focus point of the parabola
described in the last paragraph. Therefore, the origin of this
hyperbola reference frame is localized at (0, 0, 140) m of the
global reference frame and is rotated relatively to the global
system by the following Euler angles: (180°,95°, 0).

These results imply that for the primary reflector, we have
f/D = 3.5 and the angle between the main reflector axis and
the secondary reflector axis is 85°. The ratio of the distances
between the foci relative to the main reflector focal length is 1.8
and the sub reflector eccentricity is —1.7. This yields an effec-
tive focal length for the optical system of 63.20 m. This value
is somewhat smaller than the baseline design discussed in the
previous section, however, this difference makes for a more com-
pact design, which is beneficial given the size of the focal plane
is already relatively large. Figure 1 shows the projections of the
primary and secondary dishes onto the global reference frame,
where the black color represents primary reflector and gray color
represents the secondary reflector with its values in relation to
global system. Here, we do not include the origins and foci of
the parabola and the hyperbola, since that this would prevent us
from looking at the curvature of the mirrors when zooming in on
this representation.

Finally, the last coordinate system we set out here defines the
location of the focus of the entire system and, hence, the location
of the central feedhorn. This feed reference frame is located at
position (0, 0, 252) m of the secondary reference frame (the one
defined to locate the hyperbolic mirror) and has a rotation of the
following Euler angles: (0, 153.27°, 180°). This reference frame
will be used later on when we optimize the location of each feed
horn in our focal plane.

In the global reference frame, the optical system is designed
to look towards the z direction, therefore rotating the z axis of
the global reference frame to coincide with the vertical axis
of the site will make the telescope point to the zenith. Since
the site coordinates are (latitude: 7° 2’ 27.6” S; longitude: 38°
16’ 4.8” W), rotating the optical system by 7.95° southwards
(i.e., in the negative direction of the global system x axis) will
point the central horn of the optical system to 6 = —15°. This
configuration is plotted in Fig. 2.
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Fig. 1. Main and sub reflectors representations, in the global coordinate
system and 2D-projections. Top row: primary reflector. Left: projection
in the (x, z) plane. Center: Projection in the (x, y) plane. Right: projec-
tion in the (z, y) plane. Center row: secondary reflector. Left, center, and
right are the same as in the top row. Bottom row: superposition of pri-
mary and secondary reflectors. Left, center, and right are the same as in
the top row.

We implement the above optical configuration in the GRASP
package (TICRA — Reflector Antenna and EM Modelling Soft-
ware)” software to investigate four options of horn positioning in
the focal plane to search for an optimal illumination and beam
forming.

2.3. Optical arrangement implications for horn requirements

The theoretical design of the horns expect a return loss
of ~—40dB across the band. A horn prototype has already
been designed and fully tested. The results were reported by
Wauensche et al. (2020) and the parameters described there are
adopted for this study.

Together with the low sidelobe level (=27 dB below the peak
for the first sidelobe), we require a spillover below 2% in order
to satisfy our science requirements.

GRASP builds the simulation with the rays from horn to
secondary reflector, and the rays reflected by it in direction of
the main reflector. Therefore, for each reflector there will be an
associated spillover. We use the labels “spillover1” to denote the
secondary reflector and “spillover2” for the main reflector.

Since the field (in relation to the rays) contains the power
expressed by Poynting’s vector S = %Re(E x H'), the power
hitting a surface is:

Wz—fda-S,
S

with S reflector surface. So, the spillover in the software is
defined as:
spillover = 101og,, 4—ﬂ

w

We used GRASP to model the optical configuration in later
sections and derive an estimate for the spillover (see Sect. 5.2

2 https://www.ticra.com/software/grasp/
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Fig. 2. 3D plotting of the optical system. The primary reflector in the center, the secondary reflector is on the left, and the horn array is on the
right. The system is aligned in the north-south direction, with the secondary to the south and the horns to the north. The positions of the mirrors
outlined in gray and black are in the global reference system; the colored position reflect the 7° rotation to account for the pointing of the telescope
as described in the text. Horns plotted in salmon colors are in the optimal position.

for more comments) throughout the focal plane. These specifica-
tions determine the shape of the input response of the horn used
in this paper, which is described in this next subsection.

2.4. Signal attenuation from horn design

The horns need to have very low sidelobes and the beam needs to
be tapered so the illumination at the edge of the secondary mirror
is less than —20 compared to the center, minimizing the spillover
and ground pickup contributions to the incoming signal. In the
resulting beam pattern, it is important for the faint HI signal to be
efficiently separated from the bright Galactic foreground emis-
sion, whose signal is about four orders of magnitude brighter
than HI.

In the optical system presented in Fig. 2, the half-angle
subtended by the sub-reflector at the feed center is 17.98°.
With a slight underillumination of the secondary, the resulting
full width at half maximum (FWHM) for the whole telescope
should be ~40arcmin (at the central frequency of our band),
maintaining the original angular resolution requirements for the
project.

This is mainly determined by the diffraction limit of the
primary mirror but will of course depend on the details of the
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location of the horns and potential optical aberrations present in
the system for horns which are not located at the exact focus of
the telescope. Each horn in the focal plane will have a different
full width half maximum (FWHM), which will be modeled and
shown in Sect. 5. We also include images of the optical aberra-
tions present in our focal plane given our configuration of choice.

In the analysis presented in this paper, we used the measure-
ments of the horn radiation patterns reported in Wuensche et al.
(2020) to produce fits to the measured horizontal (H) and vertical
(V) polarization intensities used to model the full beam pattern
of the telescope. The fits are shown in Appendix B. We compute
the angle, and corresponding intensity values, for each frequency
and each measured (V, H) intensity component, for which the
intensity is attenuated by 10 dB and 20 dB in relation to the peak
intensity. The results are show in Figs. 3 and 4 for the horizon-
tal and vertical components, respectively. We stress here that we
modeled the horns as Gaussian beams following the fits outlined
above, as this are very good fits to the measurements presented
in Wuensche et al. (2020); furthermore, we have neglected any
cross coupling of the horns in this work. We also assume that
the GRASP Gaussian beam is placed at the phase center of the
physical horn which is located 30 cm inwards from the mouth of
the horn.
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Fig. 3. Horizontal polarization intensity fits for the measurements of the
prototype horn. Upper left: 10-20 dB attenuation angles values in differ-
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weighted attenuation angles X frequency. Minimum and maximum val-
ues are quoted in relation to maximum beam intensity for each fre-
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Fig. 4. Vertical polarization intensity fits for the measurements of
the prototype horn. Legends are the same as for the horizontal
measurements.

Figure 3 contains four plots: upper left show the angles for
which the intensity is attenuated by 10 and 20 dB in relation to
peak intensity, (hereafter, 10 and/or 20 dB attenuation angles).
Upper right shows the 10 and 20 dB attenuation angles as a func-
tion of the frequency — we note the clear reduction of the angle
opening as the frequency increases; lower left shows the maxi-
mum, mean, and minimum attenuation angles as a function of
frequency, for 10 and 20dB; lower right shows the weighted

e horizontal . :
—12 e vertical e
mean ' i : .
L}
—14 '
E 5
= '
~16 o
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. $
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Fig. 5. 0 attenuation angles values for vertical (blue) and horizon-
tal (red) polarization intensity component in different frequencies and
mean (black) value between both components in the same frequency.

average (6 X v/(1000 MHz) of the attenuation angles as a func-
tion of frequency. The same discussion applies to Fig. 4.

We used the 20 dB attenuation angles for both V and H com-
ponents to compute mean values for each frequency and use the
interpolations in this range in the GRASP simulations. The val-
ues shown in Fig. 5 are indeed smaller than the angle subtended
by the sub-reflector at the feed center (17.98°) inside the 980—
1260 MHz band. Hence, we confirm that our optical system is in
fact under illuminated, producing the very low sidelobes as per
the scientific requirements, as we show in subsequent sections of
this paper.

3. Focal plane arrangements

The focal plane configurations studied for BINGO are shown
in Fig. 6. For each configuration, we considered the following
requirements: (a) homogeneous coverage of the sky; (b) sam-
pling, in terms of elements of resolution per pixel, of the final
maps (to be as close to Nyquist sampling, or better, if possible);
(c) efficiency of the horns when placed at different locations of
the focal plane.

Some original square configurations are not considered here.
The collaboration generally considers the baseline configura-
tion shown on the bottom-right arrangement shown in Fig. 6
(hereafter the hexagonal configuration). In this configuration, the
horns are positioned in columns with different number of ele-
ments in relation to the central column, where a “central horn”
pointing at § = —15° is located.

The idea behind that original configuration is that there is
a minimal amount of optical aberrations in the final beams, so
that the beams are as clean and as close to Gaussian as possi-
ble (given that the horns are closely packed and as close to the
focus as possible). The configuration is not a complete hexagon
because the lowest horns would be obstructed by the primary
mirror of the telescope and therefore cannot be considered. In
this hexagonal positioning, the horns are encapsulated inside a
regular hexagonal case.

However, we do have to consider that BINGO is a transit
telescope with no moving reflectors. Therefore, as the sky drifts
across the focal plane, it does so across the y direction of the
focal plane, where the y coordinate has been taken to be the
coordinate in the horn reference system, as plotted in Fig. 6.
Therefore, each horn at a given x location would see the sky at a
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Fig. 6. Four focal plane arrangements studied in this paper, with different number of horns and different positions in the arrangement. Top left:
rectangular. Top right: double-rectangular. Bottom left: triple-rectangular. Bottom right: hexagonal. In the three first arrangements, the hexagonal
distribution (structure with the horn) has 249.44 cm as the maximum width and 240 cm as the height. In this structure, the circle represent central
position of the horn with 190 cm in diameter. Arrangement four was built with different measures of the hexagonal structures to contain the horns,
with 192 cm in maximum width and 190 cm in height. The arrow indicates the Bingo scanning direction in the sky.

given declination. If we look carefully at the hexagonal configu-
ration, there are several horns that would see the sky at the same
height, therefore at the same declination. This, in theory, would
yield an uneven coverage of the sky (which is confirmed by our
simulations in a latter section), which is less desirable when it
comes to a power spectrum analysis of the underlying residual
fields, which the 21-cm radiation will leave as an imprint.

The second issue with this hexagonal configuration comes
about when we examine the number of pixels per resolution ele-
ment for such horns. If we want to have a declination range of 15°
in the sky, and also given that the focal length of the telescope
is 63.2m (as discussed previously) and the fact that the horns
have a diameter of 1.9 m, this means that if the horns are closely
packed, the beams would be separated by that ratio, which in
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degrees amounts to 1.73°. Therefore, even if we closely pack the
horns in a vertical direction we would in fact undersample the
focal plane of such an optical system.

If we want a 15° declination range, which is derived from the
science requirements, and if horns of physical opening 1.9 m are
separated in angular size by 1.73°, it means that our focal plane
must be 16.49 high. We must note that the hexagonal distribution
considered above would be just shy of this height. Therefore we
started investigating other distributions that might deliver a bet-
ter coverage in the desired declination range. If we then calculate
the vertical separation needed for the beams to be separated by
half a beam width, namely, their having a number of samples per
beam equal to 2 (i.e., Nyquist sampled), we need to distribute
the horns vertically every 37 cm; namely, 16.49 m divided by



F. B. Abdalla et al.: The BINGO Project. III. Optical design and optimization of the focal plane

Fig. 7. Horn support system, designed to move the horn up and down
according to the calculated positioning values. In the case of the double-
rectangular and triple-rectangular the maximum value is +30 cm from
a central reference position. In the case of the rectangular arrangement,
the value is +42 cm. This cell support allows for the positioning of all
horns in their optimal location as described in this paper. This is further
discussed in the companion study in Paper (II) (Wuensche et al. 2022).

the number of resolution elements inside these 15°; that is, 15
divided by the beam size of two thirds of a degree times two to
account for a Nyquist sampling.

The consequence of this is that in the hexagonal structure
proposed as the fourth plot in Fig. 6, several horns would sweep
the sky at the exact same declination (this would happen with
horns which have same x coordinate). Assuming that the cells
that hold the horns are hexagons of a height of 1.9 m, the adjacent
horns would sweep in between gaps where the vertical separa-
tion would be 95 cm. This is a sampling which is significantly
away from a Nyquist sampling of the focal plane calculated in
the previous paragraph. We note here that one possible solution
to this problem is to rotate the focal plane of the telescope appro-
priately, however this solution has been discarded, as it would
increase the complexity of the structure that would be necessary
to support the focal plane.

In order to solve for these two issues, we investigated three
other arrangements, outlined in this same figure, and we discuss
the benefits of each configuration in the remaining of this sec-
tion. The three other configurations outlined in Fig. 6, called
“rectangular” (top left), “double-rectangular” (top right), and
“triple-rectangular” (bottom left) have larger cells, allowing the
horns to be displaced upwards and downwards within the cell by
up to 30 cm. The structure that encapsulates each horn is 2.4 m
in height and, given their larger size, allows the original horn
positions to be adjusted in the vertical position (referring to the
encapsulating cell enclosure center) by +15 and +30 cm, chang-
ing the position each horn illuminates the secondary mirror. For
the specific case of the rectangular arrangement, we used +21 cm
and +42 cm for the shifts®. Figure 7 shows the mechanism where
the horn is attached to the hexagonal case.

These three setups (displacements) allow for the necessary
height adjustments to produce a very uniform sky coverage, in
a slightly larger declination interval. In Fig. 6, there is no dis-
placement, all horns are centered. With the extra height of the
hexagons, we note from the figure that the focal plane for all three
rectangular configurations is slightly greater than the 16 meters
required in order for us to obtain a larger coverage than the 15° in
declination. A full simulation of the integrated beams over right
ascension is presented in Sect. 5 and we can indeed see that some
of these configurations are more optimal than others.

In the double-rectangular configuration, two rows of detec-
tors are shifted compared to the original first two rows of
detectors by a one quarter height of the hexagon height. In
other words, the height in the third and fourth rows of the

3 You can access the notebook that created this configuration on this
link.

double-rectangular array are shifted upwards from the first
two columns by 60 cm. Given that the hexagonal configuration
indicates that the difference in horn heights between the first
and the second columns is half the hexagonal height, namely,
120 cm, we therefore have a configuration whereby each of the
four horns cover the declination by being shifted by 60 cm steps
in the x direction, as compared to one another. We can therefore
reach a configuration that is better than a Nyquist configuration
in this array by simply shifting the position of the horns once
during the survey lifetime.

Should this be done each year of the survey, we can obtain a
map that is oversampled in the x direction compared to Nyquist
sampling, with the ability to explore the use of other techniques
to extract further resolution from the maps, such as the drizzle
technique used in the Hubble Space Telescope (Fruchter & Hook
2002). The triple-rectangular array is composed of more horns,
composing a configuration that is possible in the case where it
is possible to include more horns in the focal plane. It is simi-
lar to the double-rectangular arrangement, with the caveat that
the columns are shifted by one third of the spacing between the
hexagonal cells.

In the following sections, we make full simulations for the
four arrangements shown in Fig. 6 to ensure that the horns are in
optimal locations of the focal plane of the telescope. We show,
using full electromagnetic simulations, the effects of the focal
plane distribution as well as the implications of these choices on
the beam shapes and polarization of the beam.

4. Optimization of the focal plane

Given that obtaining the best solution for all points in the focal
plane is a long and time-consuming computational task, we
outline here a fitting technique where we select points in the
focal plane (not in relation to the positions of the four arrange-
ments, but for points that cover all regions of interest that cover
those arrangements), where we fully solve for the best possi-
ble locations and angles of the horns in the focal plane and
then interpolate for this solution on top of the solved points for
each horn position in our focal plane arrangements from the last
section.

For all four models for the configuration of the horns tests
were carried out in order to identify their best positioning both
in rectangular coordinates (x,y,z) and in angular coordinates
(0, ¢)4. Within all but the hexagonal arrangement, the horns
can move up to 30 cm upwards and downwards in vertical coor-
dinates on the focal plane. In the two arrangements described
as double and triple-rectangular, we have no central horn. The
double-rectangular one was simulated with 28 horns (7 for each
column) but there is the possibility to extend this upwards
with another 4 horns. In Fig. 6, these additional horns were
represented by dashed lines.

We note here that we have optimized the horn locations and
angles by looking at the maximum signal intensity that was gen-
erated by our simulations at a frequency of 1100 MHz (roughly
at the center of our central frequency of 1120 MHz). However,
the BINGO frequency coverage spams 980 MHz to 1260 MHz,
so, although the optimization in this work was performed at
this frequency, we also observed the behavior of the beams in
other frequencies between 980 MHz and 1260 MHz. Given that
we performed this optimization throughout the focal plane, this
applied to all arrangements.

4 Parameters 6 and ¢ describe the pointing of the feed, ¥ describes the
polarization direction.
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Table 2. Fitting parameters in Eq. (1) used to compute the estimated coordinates via a non-linear least-squares fit.

Fitting parameters

z (cm) 6 (deg) ¢ (deg)
1.1+42 1.6079 + 0.0904 89.8 +3.69
—0.048 +0.013 —2.422e-03 +2.80e-04 2.183e-01 + 1.14e-02

0.00e-03 +£9.7e-03
0.00e-05 + 1.7e-05
2.1e-04 +2.2e-05
7.6e-04 + 4.0e-04
0.00e-08 +2.8e-08
1.97e-07 + 3.0e-08
3.9e-08 £ 6.7e-08
0.00e-08 + 3.0e-08
—1.08e-10 = 6.1e-11
5.4e-11 £ 9.4e-11
5e-05 + 1.4e-04
—6.3e-05 +5.5¢-05

= 3 — xS R0 A0 O

0.00e-04 +2.11e-04
0.00e-07 + 3.79¢-07
9.747e-06 + 4.82e-07
9.574e-06 = 8.73e-07
0.00e-10 + 6.14e-10
4.8107e-09 + 6.53e-10
2.07e-09 + 1.45e-09
0.00e-10 + 6.63e-10
—2.79¢e-12 = 1.31e-12
—4.10e-12 £2.02e-12
—1.416e-05 + 2.99¢-06
— 1.92e-06 + 1.19e-06

0.00e-03 + 8.42¢e-03
0.00e-05 + 1.54e-05
4.52e-05 + 1.97e-05
—2.32e-05 +3.57e-05
0.00e-08 + 2.40e-08
—1.941e-07 £2.67e-08
—3.071e-07 £ 5.94e-08
0.00e-08 +2.67e-08
—2.293e-10 £ 5.36e-11
—2.56e-11 +8.27e-11
—9.14e-04 + 1.22e-04
1.67e-05 £ 4.85e-05

In order to obtain the (z, 6, ¢) positions for each horn achiev-
ing maximum intensity, we sought the values of these parameters
that maximized 10 log10(||ECO||2), using the TICRA-GRASP soft-
ware. These parametric values are equivalent to the intensity
itself>; the same is true for the Q polarization parameter. The
first calibrations were made as follows: given a horn to be ana-
lyzed, identified by positions x and y, we looked for the value of
the parameters (z, 0, ¢) that provided the maximum amplitude,
scanning all the possible values. This was done for a set of 52
(x, y) positions.

The data obtained by the above method made it possible to
fit for a z as well as for a 6 symmetry and a ¢ anti-symmetry
with respect to y. We thus achieved a total of 96 positions for
our parameter fits (all these 96 positions are obtained indepen-
dently of the arrangements discussed). We searched analytic fits
to represent (Z, 0, <2>), for each (x, y) in the region of interest. It was
possible to find good fits (regression model with non-linear least
squares) for the angular parameters using only a polynomial as a
function of x and y. We used the function Z(x, y), 9(x, Y), &(x, Y),
defined as:

a + bx + cy + dxy + ex* + fy + gx’y + hxy?
n

.3, .3 4 4 m
+ix 4 jy + kx4 ly" + + ,
e G+ 105) T (y+ 107

ey

with coefficients from a to n presented in Table 2. We note that
given we have performed the fits throughout the focal plane, the
fits apply to all arrangements.

The z-fit required a more refined analysis to understand its
lack of smoothness, with some positions appearing quite differ-
ent from others. To analyze this region, with the calibrated values
of the angular parameters, we carried out a complete analysis of
how the amplitude varies with z. Taking the maximum inten-
sity for x > —400cm values generates a gradual evolution of
the parameter, but not for x < —400cm. The amplitude can be
seen at different positions in Fig. 8 where each graph represents
the amplitude with respect to z for a given y and x spaced by
50 cm, from —400 to —1000cm. A table of the results for this
optimization is given in Appendix A.

5 The intensity is obtained by 10log, (|Eol? + IIE&I?) =~
10 10g10(||Eco||2) the peak position does not change either.
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We note here that our optimization procedure creates an opti-
cal surface where the horns are to be placed. This optical surface
has a small curvature, as can be seen in Fig. 2. This optimiza-
tion leads to an optical surface that is continuous, positioning
the horns in an optimal way. The horns are not expected to see
each other much more than they would if placed side by side
on a plane. However, we do not take into account the coupling
between the horns when located in the optical surface. This is
currently assumed to be small and will investigated in future
modeling.

It is possible to see that for a given y, the peak at x =
—400 cm, is not necessarily the highest peak. This fact is very
clear in the graphs for y = —350, —400 and —450 cm. They could
be a second or third peaks in the response curve, most likely due
to different aberrations being more dominant, and for this rea-
son it was not possible to achieve a monotonous representation
of z, in the x and y plane, taking only the maximum amplitude
values. To have a smooth representation and thus achieve a fit,
it was necessary to restrict ourselves to the same peak for differ-
ent xs and follow its modification in relation to x, for a given
y. It is possible to see the depth of focus for all 13 settings
above in Fig. 9 where we take the intensities at each selected
peak and its respective z value called by Ij,.x and zmax, respec-
tively; then, we find ||zmax — zl| where ||[Inax — ]l = 0.005 dBi
and plot it in Fig. 9, where each line represents a fixed y value
for variable x positions. We see that all z-values are in the range
6.5<y<11l.5cm.

Thus, we obtained the z for these peaks in different xs, at the
given y. Then we looked at a smooth function (Eq. (2)) that, for
each y (and based on the results), we obtained the z value that
would give us a smooth evolution. With these results, namely, by
occasionally taking a secondary peak to ensure the smoothness
of the function, z, we obtained the positions given in Table B.1
and Fig. 10. With this fit, we obtained a root mean square (rms)
for the fit of the z position of below 12 cm,

f g

2,(x) = a+bx+cx* +dx® +ex* + + )
2y(x) =a+bx+cx X’ +ex Gr 109 (7 109

@)

The z-rms is 11.63 cm; for 6 we found 0.25° and ¢ = 10.27°.
In Fig. 11, we can see the absolute difference between the
calibrated values and those reconstructed in each position.
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Fig. 8. Evaluation of z parameter in relation to x coordinate for different y coordinates. The x values are between —1000 and —400 cm with 50 cm
intervals for all plots. The y values are between —600 and O cm, starting in upper left plot and finishing in lower right plot. These values corresponds

to critical region in focal plane for z parameters to obtain the fit.

We also built a dense neural network (DNN) to reconstruct
the parameters z, 6, and ¢. Thus we built three DNN, using the
data obtained by the GRASP simulations. For the three param-
eters, we chose a DNN with ten neurons. First, we divided our
dataset into train and test sets, where this division is random to
avoid overfitting. The division was 70% train and 30% test. We
also did the standardization by removing the mean and scaling to
unit variance.

Because of the size of the dataset, we made the choice to
run 300 DNN realizations. We then averaged the outputs for
all of our realizations. For each realization, it was required for
the neural network to take 20 000 minimization steps to fit our
parameters.

The fitting of the z parameter was chosen using the x and
y as inputs. Therefore, given the position in x and y, we can
predict z; thus, within the training, we achieved the predicted
values given by the DNN. Performing this fitting process with
several different DNN for the parameters 8 and ¢ yields slightly
different results. After the training was performed, we computed

the rms of our realization over all 300 DNNs, which is provided
in Table 3°.

Finally, we showed the results obtained by DNN and the non-
linear least-squares model, which are summarized in Figs. 10, 11,
12, and 137. The above two fits define the best locations for the
horns to be placed in the focal plane, which is indeed not a plane
but a complex two-dimensional (2D) curved surface that we
outlined earlier in this section. For the subsequent calculations
presented in this paper, we used a non-linear least-squares fit.

5. Results
5.1. Beam analysis

In this section, we describe the computation of the beam pro-
files for each arrangement we have previously considered. We

6 That calculation can be seen on this notebook link
7 The results applied to all the arrangements in this article studied can
be accessed on this notebook link
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Fig. 9. Each depth of focus curve required for appropriate focusing of
the horn, considering a defocusing of 0.005 dBi for 13 different y posi-
tions.

Table 3. Rms of the coordinates computed in Table 2 for the non-linear
least-squares fit and DNN fits.

Parameter  Non-linear LS DNN
z (cm) 11.63 10.21
0 (deg) 0.25 0.68
¢ (deg) 10.27 7.89

used the GRASP software for any horn of any given arrange-
ment where each one is defined by their standard rectangular
and angular coordinates, both of which have been computed
and interpolated using the previously described least-squares fit-
ting of the optical surface. GRASP propagates a monochromatic,
Gaussian, and linearly polarized beam through the optical sys-
tem, and provides the response as a 2D complex electrical field
in u—v coordinates over the sphere. We chose, however, to present
the results in celestial coordinates (RA, Dec) selected at a given
specific time of the survey (specified as any time when RA of
zero is located directly south), given that BINGO is a transit
telescope. For this purpose, we performed a linear interpolation
of the data according to the sequence of transformation defined
below. First of all, we transformed (u,v) to standard Cartesian
coordinates (x, y, z) on the unit sphere:

X =u, 3)
y=u, “)
z= V1 —u? -2, 5)

The u—v coordinates can be understood as a plane tangent
to the sphere on the center of the beam, which is at x =y = 0
and z = 1 in this system. In order to transform to celestial coor-
dinates, however, it is helpful to define a new Cartesian system
such that the z-axis points to the celestial north pole. We choose
to rotate the center of the focal plane to be located at declination
—15° of the celestial equatorial plane, therefore we are required
to perform a rotation of 105° (i.e., 90° + 15°) from the celestial
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Table 4. FWHM (deg) of beams computed in Fig. 15.

0.633 0.611 0.615
0.601 0.592 0.607
0.620 0.632 0.619
0.711  0.671 0.663

pole, which is where GRASP was set up to produce our beam:

x cos105° 0 sin105°)(x
y|= 0 1 0 yl (6)
Z —sin105° 0 cos105°)\z
and the definitions of the Celestial coordinates follow in a
straightforward fashion:

Dec = arcsin(z), @)

o y

RA = arctan2(y’, x") = 2 arctan| —— |. 8

(y ) ( \/(x/Z + y/Z) +)C/) ( )

Figure 14 shows the response due to the BINGO central horn

only. The quantity being plotted is the intensity /gg = 101log,,(1),

where the intensity / (in W) is defined by the sum of squares of
the two orthogonal components of the electrical field:

I = |Egol* + |Ecxl?, ©)

where E, is the electric field measured in linear polarization
and E is the electric field measured in cross-polarization. For
the single horn analysis, the number of points, N, for writing the
fields outputs of the GRASP software was chosen to be 1614 x
1614 in a (u, v) range from —0.7 to 0.7. We further compute the
average of the intensities from each linearly polarized beam.
Figure 15 shows the optical aberrations for the beams of a
hypothetical focal plane, with the central horn located at the
focus of the telescope, which points at § = —15°. Due to the horn
arrangement, the boresight is always at a declination ¢ < J¢ener-
Nevertheless, we can see that the beam shape is relatively
well behaved across this hypothetical focal plane, and that the
aberrations remain at a level below 30 dB, at (RA, Dec) < 10.67|°
from the center of the main beam. This gives us the confidence
that the optical aberrations within the field of view chosen
by this work can be modeled well when the final survey is
produced. Table 4 shows the FWHM values for the beams
presented in Fig. 15. Values are listed in the same order as
beams in the figure. We also calculated the ellipticity, defined

as e = \/1 - (FWHM,)/(FWHM,))* for a set of five horns
located at several locations in the focal plane at positions (x, y) :
((0,0), (450,304), (510, -304), (=930, —=304), (=990, 304)). In
all sets, the calculated ellipticity values € are smaller than 0.1,
meeting the requirements published in Battye et al. (2012).
Furthermore, for the sake of comparing the different config-
urations, we computed all the beams of each configuration for
frequencies of 980 MHz, 1100 MHz, and 1260 MHz, and accu-
rately setting the attenuation angle according to the method
previously explained in Sect. 2.4. Also, we averaged the response
of each linearly polarized beam. We recall that although we
present the results in (RA, Dec) coordinates, the originally sim-
ulations were made in (u,v) coordinates. We chose range in
(u, v) coordinates for the simulations is from —0.2 to 0.2 for the
hexagonal and rectangular arrangements, with 461 x 461 points,
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and from —0.4 to 0.4 for the double-rectangular and triple-
rectangular arrangements with 922 x 922 points. Then, although
the simulated area is not the same, we maintained a resolution of
1152.5? points per unit of area, which has been shown to be good
enough for the interpolation procedure. Moreover, we defined a
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Fig. 13. DNN fitting for every 96 positions on the focal plane for each
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mated and optimized views together.

total intensity for the arrangement, normalized by the intensity
peak of the central horn, according to:

sy (RA, Dec)

IllOOMHz(O, _150) (10)

P (RA, Dec) =
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Fig. 14. Sidelobes of the BINGO central beam present a Moirré effect due the two-mirror configuration of the instrument (panel a). We found
that this effect is attenuated when integrating the beam. Panels b and ¢ show integrated beams over widths of 10 MHz and 20 MHz respectively,
computed in the range 11051115 MHz and 1100-1120 MHz, with displacements of 1 MHz and normalized by the number of steps. The attenuation
effect is clearer in panel d, portraying a 1D cut of the results from panels a—c.

and its one-dimensional version as well:
[dRA F"™ 17 (RA,Dec)

[ dRA [M00MHZ(RA —15°)

P;.(Dec) = f x (1

where the RA dependence is removed by integration.

The results of applying Eq. (10) to the double-rectangular,
triple-rectangular, rectangular, and hexagonal arrangements are
shown in Fig. 16, while the results of applying Eq. (11) are
depicted in Fig. 17. Unless stated otherwise, all results were com-
puted at f = 1100 MHz. Although the sum in Eq. (10) is over all
horns, in Eq. (11), for the rectangular and hexagonal arrange-
ment, the selection covers the central column of horns and also
one adjacent. For the double and triple-rectangular, however, we
select all the columns, since its particular geometry does not
create overlaps. For this reason, in Eq. (11) we set f = 1/2 for
the double-rectangular, f = 1/3 for the triple-rectangular, and
f =1 for the rectangular and hexagonal, since for the double
(and triple)-rectangular, the beams are summed up over twice
(and triple) the numbers of columns. This has been chosen so
that the contents of Fig. 17 reflect the integrated beam while the
sky swipes across the focal plane.

We stress here that we have interpreted the results of the
double-rectangular distribution as the best results given that the
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smoothness of the coverage would indicate that the noise proper-
ties of the final map are as close to homogeneous as possible.
If the maps were not Nyquist-sampled and the resulting pro-
jected beam along the declination direction was not smooth, we
would obtain a map with noise properties that exhibit a pattern
on the sky. This is clearly undesirable when it comes to per-
forming a power spectrum analysis of the residuals, as we would
have to model this inhomogeneity perfectly in order to obtain
results about the power spectrum of 21 cm radiation. Therefore,
the smoother versions of such an arrangement are preferred over
the non-smooth versions. An analysis of the impact of this on the
power spectrum of the final datasets presented in our companion
paper (Liccardo et al. 2021).

Additionally, the results presented in the Fig. 17 were aver-
aged over the five displacements of 0,+15cm, +30cm for the
double-rectangular and triple-rectangular and 0, +21 cm, +42 cm
for the rectangular arrangement. This is done so that the final
coverage of the focal plane is optimal with respect to the Nyquist
theorem, as outlined in Sect. 3. This averaging produces a
smoother intensity profile for those three arrangements as com-
pared to the hexagonal arrangement which is not averaged. Also,
the double and triple-rectangular present even smoother pro-
files compared to the rectangular arrangement, which can be
explained by the particular geometry of the arrangements. We
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Fig. 15. Optical aberrations for the final beams of the horns located at
different places within the focal plane (corresponding locations x and
y chosen according to upper left figure and the respective z values over
each horn, in the focal plane localization). The focus of the telescope is
placed at 6 = —15° and has a beam that is devoid of aberrations while
the aberrations are increasingly large, but less than ~10 dB, as we move
away from the center of the focal plane.

conclude that this smoothness will most likely lead to a sky cov-
erage that avoids gaps in the coverage, which is confirmed in
our companion paper (Liccardo et al. 2021). We conclude here
that the configuration that best achieves smoothness with the
minimum number of horns is the double-rectangular and is the
configuration that we adopted as the standard configuration for
the project.

5.1.1. Beam polarization

We investigated the polarization properties in this section by
computing the four Stokes parameters for each beam and sum-
ming them up for each arrangement. We applied the following
definition:

I =|Ecof® +|Ecxl® = |Eof* +|Eo|* = |Euel* + |Emncl, (12)
0 = |Ecol” — |Ecxl’, (13)
U = |EJ|* - |Ef, (14)
V = |Ecl” = |Emcl, (15)

where the subscripts refer to three different basis of the space
of Jones vectors. With (E.,, E.x) as the standard Cartesian basis
(defined above), E, and E, are defined by a rotation of the
Cartesian basis used to define (E.,, Ecx), rotated by 45°, and
with Ey. and Ey as the left-handed and right-handed basis,
respectively, defined as follows:

1
= (ieco + ecx),

V2

1 .
@ (eco * iecx).
The polarized responses of the beam present either positive
or negative Q values around 20 dB below the gain of the unpolar-
ized I beam when averaged over RA. The levels of U polarization

(16)

€ab =

€lhc/the = (17)

1.0

0.8

0.6

DEC (deg)

0.4

0.2

0.0

1.0

0.8

0.6

DEC (deg)

0.4

0.2

0.0

RA (deg)

1.0

0.8

0.6

DEC (deg)

0.4

0.2

EEE 00T s 8989393939090 T = 89800 s

0.0

RA (deg)

10

DEC (deg)

0.0
-10 -5 0 5 10

RA (deg)

Fig. 16. Beam responses (intensities, from top to bottom) for: (a) rect-
angular, (b) double-rectangular, (c) triple-rectangular and (d) hexagonal
normalized by the intensity of the central horn (see Eq. (10)).

of the beam are a further five to ten orders of magnitude below
this, depending on the position on the focal plane. We aimed to
simulate the polarization gained through the optical system by
an originally unpolarized beam, and assuming the input signal is
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Fig. 17. Response function of the beams, integrated in RA, for selected
columns (corresponding to a declination range) and different horn
arrangements. Results are normalized to the response of the central
horn, according to Eq. (11). For the triple-rectangular and double-
rectangular arrangements, the beam average also took into account the
five displacements of 0, +15 cm, +30 cm. For the rectangular arrange-
ment, the five displacements were 0, +21 cm, +42 cm. This averaging
produces an even smoother profile for the arrangements. We note that
it is possible to change the orientation of the above figures on the sky
by changing the north-south orientation of the telescope but maintain-
ing the same boresight. This configuration was chosen in order have a
simpler structure for the support of the mirrors and horns.

unpolarized, we averaged the response of both orthogonal polar-
ized beams. While Q and U are highly dependent on these initial
states, the I and V values are nearly the same for the two linearly
polarized states. Despite this, this method enables us to subtract
any effect that is due to the initial state of polarization.

The results for the Stokes parameters for the double-
rectangular arrangement are shown in Fig. 18, along with a 1D
cut in Fig. 19. Each parameter is summed up for all the beams of
the configuration, computed in the frequency of 1100 MHz. Of
course Q, U, and V are allowed to be either positive or negative,
and the variation in their sign reveals a balance between the field
directions. It is also instructive compare the magnitude of the
parameters. In Fig. 19, we see that V is at least 25 dB lower than
I in the peaks and the difference is even higher for the O and
U parameters. We note here that the results in Fig. 18 represent
the response of unpolarized point sources located where each of
the horns are pointing in the sky, therefore representing the opti-
cal contribution from the leakage coming from the arrangement,
including that coming from the sidelobes. However, it neglects
any other potential leakage that might be included in the rest of
the instrument, including the electronics.

5.1.2. Beam window function

In this section, we compute the power spectra for the beams to
investigate the effect it will have in modifying the final power
spectrum of the 21 cm radiation that we are studying. It is impor-
tant to estimate this as any strong features in the beam window
function could be misinterpreted by a measured feature in the
21 cm power spectrum.

In order to compute the beam spectra, our first step was con-
verted our data to HEALPix format. We linearly interpolated the
values of intensity of each beam from the original u—v coordi-
nates to the coordinates of the centers of the pixels of a HEALPix
pixelated sphere with Ngge = 1024. This N4, value was set
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in order to make the new resolution compatible with that of
our GRASP simulations. We also set to zero the intensity out-
side the area where the simulations were performed since it
is expected to be very low away from the beam center. After-
wards, we computed the projections in harmonic space and all
the angular power spectra with a PseudoPower code (Loureiro
et al. 2019). The intensities of each map were previously nor-
malized by its sum over the pixels. The spectra for the beams of
the double-rectangular arrangement are shown in Fig. 20 for the
frequencies of 980 MHz, 1100 MHz, and 1260 MHz. We see that
these spectra reach lower values in high-¢ for lower frequencies.
In the same figure, we can infer the effect due to the horn loca-
tion over the arrangements. This reflects the aberrations of the
beams when displaced away from the center of the optical plane
(Fig. 15).

We conclude that the beams are smooth enough and concen-
trated enough so as to not produce any significant effects in the
measurements of the power spectrum of the 21 cm at the angular
scales relevant to BINGO. Furthermore, such a modeling pro-
cedure can be used in order to produce a more realistic fit to
the beams for the purposes of map-making, although due to the
underillumination of the secondary mirror, the beams are very
close to Gaussian in the center of the field.

5.2. Spillover

The telescope design is set up in such a way that the secondary
mirror is underilluminated by the horns given the combination of
the focal length chosen and the angular aperture of the horns. As
such the spillover of this setup is extremely low at the boresight
of the telescope, which is the horn that will point at declination
60 = —15° and is located at position (x, y) = (0, 0).

We need to assess if the optical arrangement, which requires
the horns to point to a given location in the focal plane, has
a spillover that is significantly different for each of the horns
located outside the main focus of the telescope. In Fig. 21, we
plot the calculated spillover, which is expected given the optical
arrangement of the telescope as well as the shape proposed by
the focal plane after the optimization performed in this paper.
We can see that at the focus of the telescope the spillover is very
low at around 0.003 dB (lowest value on the scale in Fig. 21).
Figure 21 shows us the spillover more than doubles in dB at the
edges of the considered focal plane, however, even at the loca-
tions furthest from the center of the focal plane, it remains at a
value lower than 0.007 dB.

The above results are encouraging, as they mean that even
without shielding of the main mirror and without any further
measures to avoid ground pickup, the spillover for the entire sys-
tem should remain below 0.007 dB and in most cases, around
0.003-0.004 dB. We are considering using a ground shield
around the primary and at the bottom of the secondary dish,
which should considerably improve the above values.

6. Conclusions

This work presents the focal surface calculation as well as a
detailed description of the analysis conducted to produce the
optical arrangement for the BINGO telescope.

Our target was to arrive at a cross-Dragone configuration that
was under-illuminated, with very low cross-polarization leak-
age and sidelobe levels. For each horn, the attenuation obtained
from our simulations is better than 60dB a few degrees away
from the center of the beam, which is crucial to obtain data that
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Fig. 19. 1D cut of the Stokes parameters presented in Fig. 18 for the
double-rectangular arrangement. The cut is over RA =RA,, where
RA,c. is the coordinate of the peak in intensity. We see that V is at
least 25 dB lower than [ on the peaks, while Q and U are even lower.

is robust with regard to sidelobe contamination, especially for
observations performed near the Galactic center.

The polarization leakage in the Stokes parameters U and V
is attenuated by ~25 dB, compared to the [ intensity in the beam
across the field of view. These results indicate that the proposed
configuration is appropriate for the scientific goals of BINGO.

We also analyzed the shape and orientation of the focal plane
of this cross Dragone configuration. We found a non-planar focal
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Fig. 20. Auto-angular power spectra for the double-rectangular arrange-
ment beams. We computed the spectrum for each one of the 28 horns
of the arrangement for the frequencies of 980 MHz, 1100 MHz and
1260 MHz. We can see that low frequencies have lower power at high
multipoles. The curves with similar shades of color correspond to the
same frequency but different horns, so the reader can also see the affect
due to the location in the optical plane. The intensities were previously
normalized with respect to the integral over the simulated area yielding
to an adimensional spectrum (with no units), which also represents the
window function of the eventual survey.

surface with a complex shape, mainly due to the fact that mul-
tiple local maxima are present when optimizing the location, as
well as the angular orientation of the horns away from the focus
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Fig. 21. GRASP’s spillovers of every 96 positions with optimized coor-
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Spillover?2 is in relation to the primary reflector. Its spillover at the cen-
ter is 0.0045 dB and the worst is 0.0101 dB.

of the telescope. This lead us to find specific local maxima of
the peak response of the field as a function of the horn posi-
tions (most specifically, the z direction defined in the frame of
the horns) in order to have a suitably shaped focal plane. Given
the focal length coupled with the size of the horns, the Nyquist
properties of the focal plane were investigated. A suitable shape
for the focal surface was found in order to optimize the coverage
of the final survey.

The level of optical aberrations was investigated for detectors
away from the focus of the instrument. One of our first commis-
sioning tasks will be to compare the measured beam patterns
with the simulated ones. We find that for the double-rectangular
array, the optical aberrations are acceptable and only modify the
beam at the level of the sidelobes a couple of degrees away from
the main peak beam. Furthermore, we find that the attenuation
of the main peak of the beam is maintained at reasonable levels,
namely, at the edge of the chosen field the attenuation is at most
0.5 dB and is maintained within a fraction of a dB; in most places
inside the focal surface.

To maintain a focus tolerance of 0.005 dB, we find that the
depth of field for our focal surface should be ~10 cm. This is in
agreement with the mechanical tolerances and requirements of
the engineering project designed to host the focal surface, as well
as the noise budget from the full BINGO detection system. We
have checked that for several positions within our focal plane,
our ellipticity requirement of 0.1 is satisfied and this is indeed
the case for the optical design proposed. Furthermore we have
checked that the cross Dragone design used in BINGO Phase 1
achieves a polarization purity of —30dB as demanded by scien-
tific requirements and this is the case for most of the focal plane,
as can be seen from Fig. 19. The only place where the require-
ments are close possibly below the simulation is at declination
0 = —25°, where the V polarization gets to —25dBi from the
peak response of the I polarization. On the other hand, U and
Q Stokes parameters are well below the —30 dBi benchmark, as
required for polarization purity.

We ultimately arrived at an optimal configuration, denoted
as the double-rectangular, which meets the requirements for the
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scientific performance of the instrument. This arrangement, cou-
pled to a system that allows the vertical displacement of the
horns in subsequent years of the survey allows for a homoge-
neous and gap-free coverage of the sky. The simulations indi-
cate a low spillover and good beam performance. In summary,
according to the results presented here, the double-rectangular
arrangement is considered the nominal configuration for the
Phase 1 survey.
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Appendix A: GRASP setup

We can divide the GRASP calculation process used here into
four steps: (1) obtain currents (Get Current) with a specific feed
as source and the sub-reflector (hyperbolic dish) as the target;
(2) obtain currents (Get Current) using sub-reflector as source
and main reflector (parabolic dish) as the target; (3) calculate
the field (Ger Field) using the main reflector as source; and (4)
calculate the field (Add Field) using a feed as source. The cur-
rents calculation using PO Analysis® also use PTD? correction,
that is, we used PO+PTD currents. PTD corresponding to cur-
rents from the edges of the reflector. The PO+PTD need of three
parameters (pol, po2 and ptd) to calculate to convergence of the
currents calculations and provided by auto-convergence (estab-
lished ON). Those parameters are estimated by the geometry of
the optical system and by the chosen wavelength. Tables A.1 and
A.2 show examples of values chosen for parameter calculation.
For these cases we chose five different positions (PO, P1, P2,
P3, P4) in the focal plane to display the values. We assumed the
GRASP standard value for field accuracy (-80 dB in relation to
the peak). The third and fourth steps build the spherical grid file
in calculating the field. Spherical grid files (Section 4) were con-
figured into a UV grid, both x-range and y-range, with: start =
-0.5, end = 0.5 and np = 151'°. Rectangular truncation and linear
polarization were established as default.

Appendix B: Calibrated horn parameters

We chose random positions on the focal plane to able to obtain
the fit for parameters z, 8, and ¢ from x and y coordinates. We
using the symmetries of the focal plane to obtain more calibrated
values. The lines with Modified equal True are the positions
where we used the symmetry from ¢, as previously described.
In Table B.1, we present all the values used in this paper.

8 PO = Physical Optics

® PTD = Physical Theory of Diffraction

10 The choice of partial sky coverage does not change spillover values
neither their respective intensities, as long as the beam in the sky is
covered. However, changing np values can change the accuracy in the
intensity determination.
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Appendix C: Horn attenuation angle

We interpolate the beam data (horn response) and built two sets
of data, for each beam component and each frequency, with
intensity decrease value of 10 and 20 dB in relation to maximum
intensity value (first lobe) and we take the corresponding angle
values, as can seen in figure C.1 for horizontal component of the
beam and in figure C.2 for vertical one. In figure C.1, we can
see the main results separated by correlation between maximum
and minimum angles, frequency, and amplitude of the intensity.
The first and third plots in the first row are relations between
minimum and maximum angles with its amplitude value for hor-
izontal and vertical component, respectively. Salmon and red
colors are related to decrease in intensity of 10 dB for minimum
and maximum angle, respectively, and light blue and navy blue
for 20 dB. Each color represent a group and is basically nested
in the same region, but there is a more distant triangle for each
group that are values from 900 MHz, where we have a first lob-
ule with greater amplitude and wider (see Figures C.1 and C.2).
Those can also be seen in the plots between frequency and angle
(second and fourth plots in the first row). We can also see in
those plots that the higher frequency, the lower the angles that
delimit the peak interval. In the second row, first and third plots
relate frequency and absolute angle, for minimum and maximum
angle value, and its mean angle. The absolute value decreases
with increasing frequency. Second and fourth plots are the mean
weighted values given by

v (MHz)

1100 (MHZ) "

Oweighted (V) = (C.D)

where the decreases are smooth. Using a range between mini-
mum and maximum angles, we fit the Gaussian function to the
peak in order to estimate the 10-20 dB attenuation angles for the
BINGO horn as a function of frequency. The results are fitted
with the following function

—05e2
G(@@la,b,c,d) = ae 2 +d, (C.2)
for both, 10 and 20 dB. We center the Gaussian beam in b = 0°
and take the new angles for 10 and 20dB intensity decreases
and each frequency. The results for 10 dB are shown in figure 5.
Then, the attenuation angles were obtained by fitting the follow-
ing:

d
Oaper(Vla, b, c,d, f) = a+bv + o+ — + i
%

- (C.3)



F. B. Abdalla et al.: The BINGO Project. III. Optical design and optimization of the focal plane

Table A.1: Main parameters for convergence information for current calculations - feed as source and subreflector as target

Task 1 - Get Currents
X (cm) y (cm) z (cm) 0 (deg) ¢ (deg) pol po2 ptd po target ptd target
PO 0 0 0 0.00 0.00 170 570 570 62350 570
P1 -990 305 98 9.28 -11.19 185 640 640 76082 640
P2 510 -305 45 4.08 145.08 160 540 530 55616 530
P3 -930 -305 102 8.98 15.77 185 630 630 74918 630
P4 450 305 36 3.62 -149.32 165 540 540 57365 540

Table A.2: Main parameters for convergence information for current calculations - subreflector as source, main reflector as target

Task 2 - Get Currents
X (cm) y (cm) z (cm) 6 (deg) ¢ (deg) pol po2 ptd po target po source ptd source
PO 0 0 -0.00 0.00 305 940 940 183690 62350 570
P1 -990 305 98 9.28 -11.19 305 900 860 175929 76082 640
P2 510 -305 45 4.08 145.08 305 980 980 191462 55616 530
P3 -930 -305 102 8.98 15.77 305 900 860 175929 74918 630
P4 450 305 36 3.62 -149.32 305 980 980 191462 57365 540

Table A.3: Main parameters for calculations of the field in the main reflector

Task 3 - Get Fields

X y z 4 ¢ field points po source ptd source
PO 0 0 0 -0.00 0.00 22801 183690 940
P1 -990 305 98 9.28 -11.19 22801 175929 860
P2 510 -305 45 4.08 145.08 22801 191462 980
P3 -930 -305 102 8.98 15.77 22801 175929 860
P4 450 305 36 3.62 -149.32 22801 191462 980

Table A.4: Main parameters for calculations of the field from the feed

Task 4 - Add Fields

X y z 4 ) field points po source ptd source
PO 0 0 0 -0.00 0.00 22801 62350 570
P1 -990 305 98 9.28 -11.19 22801 76082 640
P2 510 -305 45 4.08 145.08 22801 55616 530
P3 -930 -305 102 8.98 15.77 22801 74918 630
P4 450 305 36 3.62 -149.32 22801 57365 540
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Table B.1: Calibrated horn positions and angles obtained using TICRA-GRASP.

Calibrated positions
x (cm) y (cm) z (cm)* 0 (deg)” ¢ (deg)” Amplitude (dB) Modified”

960 -388 1055701 937702 263020 5047 True
960 0 108.4%04 9.00%92 0.00*263 50.63 False
-840 -194 103.9+08 7.88+0.13 5.50+249 50.74 True
-600 -194 80.3+24 612033 1630147 51.04 True
-600 194 80.3+24 612033 -16.30*110 51.04 True
-488 -388 85.2+07 5707087 38007719 51.22 True
-360 194 45813 3.85+0-8 -26.50*7 5118 False
-240 -388 24.0+197 4.00*95 58.50+841 51.35 False
-120 194 -11.0%6¢ 20093 -55.00*9%7 5148 False
0 0 0.0+88 0.00*073 0.00*3:90 51.64 False
120 -194 -10.0*142 1.60+97 100.00*4117 5147 False
240 -388 35023 3301048 117.00*}12 5145 False
240 0 0.0:1%4 1.500:37 180.007205¢ 51.60 False
360 194 0.0737 270193 ~151.00%:12 51.39 False
480 -388 49.0*41 4.187027 13470436} 51.32 False
-380 0 46.6115 3701352 0.00*151¢ 51.26 True
380 0 0.07103 2.407042 180.003:9 51.53 False
-285 495 74498 475497 -55.70*%52 51.40 True
-95 495 8208 4.0019%2 ~72.97+33¢ 51.44 True
95 -495 14.0*134 3.807079 93.00%1121 51.38 False
285 495 520193 4.10%934 —114.00+1338 51.20 True
190 -660 62.0*%9 520037 104.0034 51.21 False
-388 660 750197 6607034 -57.35408% 51.02 False
-800 -300 105.0133 870104 25.301248 50.92 False
-880 -250 111.2:23 8.60*0:22 19.00:38 50.77 True
-560 -100 71983 530754 11.10%973 5119 True
-680 -190 96.4+10% 6.607355 13.80+22¢ 51.02 True
-530 -190 77.9*113 5307597 17.80727¢ 5113 True
-630 -280 88.8+33 6403 20.70+22 50.89 True
-850 -100 1020737 8.20%10 1220733 50.95 False
-270 -360 35.09¢ 35055 40.10* %14 51.46 False
-370 -270 56.0713 4.30*95 30.701%% 5143 True
-800 -50 96.5‘:;:5 7450‘:3?? 12.8()?{:3? 51.01 True
-700 -50 86.6707 670704 13.90*1 9% 5113 False
-500 -50 63.01103 4.90*942 17.90+181 51.30 True
-600 -50 75.53% 5.8010% 15.10%918 51.23 True
-200 100 22,0733 2.10%9%8 —25.00%73% 51.54 False
200 100 23.0%138 170044 -151.00°%22 51.48 False
-100 250 30.0+12% 250735k -65.00*1432 51.48 False
-600 400 90.65¢ 650352 ~21.00*53¢ 50.97 True
-700 250 94.0%31 7.107343 -23.00+%5¢ 51.08 False
-500 250 740193, 5.60733% -29.00+%3 51.25 False
-750 0 91354 7.007338 0.00*3:37 5110 True
-800 -600 80.059 870738 31.00+4¢ 50.81 False
-600 -600 61.0%33 8.0070.% 30007583 51.06 False
-450 100 59.0%¢3 4.70*93 -13.0043% 51.35 False
-650 -350 93536 7.007320 20.00%533 51.01 True
-650 -100 82.8+5% 6.39+0.02 10.007347 5119 False
-580 0 721441 5.00*338 0.00+445 5112 True
-850 0 96.6103 7.007313 0.00*434 50.95 True
-750 -100 93.0*39 7217327 9.10*17 51.09 False
-350 -350 26392 5.00733% 47.007759, 5117 False

Notes.
(@Error values were obtained only for variable parameters and within 0.01 dB
) True or False column indicates whether the result was a primary or a secondary peak of the response function of the telescope for those locations of x and y.
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Fig. C.1: Plots from the horn beam measurements from Wuensche et al. (2020) used to obtain the 10-20 dB attenuation angles as a
function of frequency for a horizontally polarized input signal. For each plot the intensity is attenuated by 10dB (red dashed line)
and 20 dB (sparse red dashed line) in relation to the peak intensity (black dashed line).
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Fig. C.2: Plots from the horn beam measurements from Wuensche et al. (2020) used to obtain the 10-20 dB attenuation angles as a
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20 dB (sparse red dashed line) in relation to the peak intensity (black dashed line).
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