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The Payload for Ultrahigh Energy Observations (PUEO) long-duration balloon experiment is
designed to observe ultra-high energy (UHE) neutrinos with energies above EeV. PUEO consists
of a Main Instrument (MI) on a fixed gondola and a Low Frequency (LF) instrument that will be
deployed under the main gondola when the balloon reaches the stratosphere. The LF instrument
includes 8 sinuous antennas that operate in the 50-500 MHz range, complementing the 96 dual-
polarized horn antennas constituting the MI, designed to receive signals in the 300-1200 MHz
range. The LF instrument is sensitive to impulsive, geomagnetic radio signals emitted from air
showers, which can be induced by cosmic rays or earth-skimming tau neutrinos. This contribution
will report the design and construction status of the LF instrument, encompassing the antennas,
the gondola, and the trigger. The expected sensitivity of the MI and the LF instruments to Earth-
skimming tau neutrinos and the cosmic rays will also be presented.
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1. Introduction

The Payload for Ultrahigh Energy Observation (PUEO) [1] is a balloon experiment designed
to detect Ultra-High Energy (UHE) neutrinos through radio signals. Currently under construction
and scheduled to fly in 2025, PUEO will operate at an altitude of approximately 40 km, circling the
Antarctic continent. By scanning 1.5 million square kilometers of ice, PUEO will become the most
sensitive detector for UHE neutrinos with energies exceeding 100 EeV.

PUEO features two primary detection channels: the Askaryan channel and the Extensive Air
Shower (EAS) channel. The Askaryan channel is designed to observe the Askaryan radiation emitted
from particle showers that occur when a neutrino interacts with ice, with a signal predominantly in
the vertical polarization. The EAS channel, on the other hand, detects radio waves emitted from
air showers, which are mainly horizontally polarized due to the nearly vertical magnetic field at the
South Pole. The EAS can be induced by cosmic rays (CRs) or earth-skimming tau neutrinos. More
details about PUEO’s EAS and Askaryan channels are discussed in [2, 3].

PUEO comprises a Main Instrument (MI) and a Low Frequency (LF) instrument. The MI
is equipped with 96 dual-polarized horn antennas operating in the 300-1200 MHz range and is
optimized for the Askaryan channel. The LF instrument, which will be deployed beneath the main
payload when the balloon reaches the troposphere, consists of eight dual-polarized sinuous antennas
that receive signals in the 50-500 MHz range. This LF instrument is optimized for the EAS channel.
Figure 1(a) illustrates the deployment of these instruments.

2. LF antenna

Each of the eight
LF antennas is an sin-
uous antenna. This
type of antenna was
proposed for measur-
ing the polarization of
the cosmic microwave
background [4]. Its
planar properties also
made it a suitable can-
didate for conceptual
studies in the Exa-
Volt Antenna experi-
ment [5], both con-

ducted at microwave
frequencies. For the Figure 1: (a) PUEO’s main instrument and the LF instrument. (b) Sinuous
LF instrument, the de- antenna for the LF instrument. Each antenna is composed of a vertical polarization
sign has been modified and a horizontal polarization channels.

[6] and scaled up to 65 inches in diameter for LF’s frequency band. The antennas are constructed
from nickel-silver conductive fabric sewn onto polyester fabric, chosen to allow compact stowage
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Figure 2: (a) Antenna gain measurement at the boresight axis, for Vpol, Hpol and E and H plane. Dashed
curves are contribution from cross polarization. (b) Time domain impulse response of the antenna. (c) Time
domain impulse response measured at 0°, 30°, 60° and 90° from the boresight axis. (d) Radiation pattern.
The antenna front lobe is centered at 0° and the backlobe at 180°.

in the payload dock before deployment. The antennas are linearly polarized, enabling simultaneous
measurement of both horizontal and vertical polarizations. The self-similar arms make the antenna
broadband, providing a gain of >3 dBi across a frequency range of 80-500 MHz. The antenna’s
impedance is theoretically calculated to be 267 ohms [7], and it is impedance-matched through a
4:1 transformer balun. The antenna’s properties have been thoroughly characterized through gain,
radiation pattern and impulse response measurements, as illustrated in Fig2. Additionally, the
antenna features both front and back lobes with identical performance in both directions.

3. LF array and gondola

The LF array consists of eight sinuous antennas arranged into four layers within a hexagonal
gondola, creating horizontal and vertical baselines of 3.1 meters and 5.4 meters, respectively, for
interferometry. The hexagonal geometry was chosen over polygons with more sides to maximize
the side length and accommodate the size of the antennas. This layout is optimized to achieve
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Figure 3: LF instrument array level gain at 200 MHz.

Figure 4: LF instrument deployment mechanism. From left to right is from the storage phase to the deployed
phase.

peak gain towards the horizon while providing as uniform gain coverage in the azimuthal direction
as possible. The array level gain is shown in Fig3. Additionally, the design ensures that each
antenna is positioned to minimize interference by avoiding overlap in their beam directions. The
LF gondola is constructed from carbon fiber tube rings, with layers connected by Dyneema ropes.
Upon reaching the stratosphere, the LF will be deployed by releasing ropes constraining the folded
array and relying on gravity. Deployment tests, illustrated in the Fig4, have demonstrated the
system’s robustness through over forty successful drop tests.
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Figure 5: Left: The three azimuthal sectors. The antennas designated to the sector are shown in the
paranthesis. Right: The beam map for interferometry. The color map represents the beam efficiency using
the 54 beams.

4. LF Trigger Simulation

The LF instrument utilizes an interferometric trigger system, where five of the eight antennas
are grouped into an azimuthal sector. Interferometry is achieved by assigning time delays to
individual channels based on assumed signal directions, referred to as beams. Within each beam,
the delayed waveforms from each channel in the azimuthal sector are summed together. By scanning
through the beams, the system performs a coherent sum in the beam that is closest to the actual
signal direction. Within each azimuthal sector, any antenna can observe signals within 60° of its
boresight axis. Because of this, we form three azimuthal sectors in which five different antennas
with overlapping fields-of-view contribute to a given beam. The geometry and the participating
antennas in each azimuthal sector are shown in Fig 5. Since the boresight axes of antennas within a
sector are not necessarily aligned, it is crucial that the antennas’ phase responses remain consistent
for signals arriving from different directions. This consistency has been verified through impulse
response measurements, as illustrated in Fig 2(c).

In the LF trigger, the number of beams is limited to 54 by the computational resources available
in the Radio-Frequency System-on Chip (RFSoC) [1, 8] used in the data acquistion boards. There-
fore, these beams are strategically placed in directions where significant scientific observations are
expected. For example, the system provides good coverage towards Earth-skimming tau neutrinos,
which have peak flux near the horizon, and steep anomalies at elevations around —30°, as identified
by ANITA [9, 10]. Conversely, directions toward the payload and solar panels are intentionally left
uncovered, indicating low trigger efficiency in these areas, which helps minimize noise interference
from the payload. The beam map and the beam efficiency using the beams are shown in Fig 5.

The trigger efficiency is evaluated in the simulation. The targeted event rate for the LF is
1-10 Hz, compared to the 100 Hz for the MI. Based on the event rate, trigger threshold is studied
using simulated noise events. The noise model is built with consideration of galactic noise, thermal
radiation from the ice, and the RF chain system noise. The trigger efficiency curve from simulations
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Figure 6: (a)A simulated earth-skimming tau neutrino event and the LF’s detector response. (Hpol channels)
The six columns and four rows represent the six sides of the hexagonal array and four vertical layers,
respectively. (b) Peak effective area over elevation angle for the v, point source.

indicates that the LF triggers at a single antenna SNR of 1.9, where the SNR is the average of
antennas in an azimuthal sector and it is defined by the waveforms that convolves signals to antenna
response and the RF chain response. The LF trigger is designed to cooperate with the MI trigger
through a mutual ‘or’ configuration, meaning they operate independently but will both save data
whenever either instrument triggers.

5. Science Performance in Simulation

The performance of the LF instrument in the EAS channel has been simulated using a combina-
tion of three simulation packages: (1) Pueosim[11], (2) CRSim, and (3) TAPIOCA [12]. Pueosim
includes a detailed detector model of both the MI and the LF instrument, while CRSim and TAPI-
OCA serve as event generators that simulate and propagate radio signals initiated by UHECRs
and Earth-skimming tau neutrinos, respectively. Although trigger simulations indicate that the
LF instrument triggers at a single antenna SNR of 1.9, this has not yet been lab-tested or imple-
mented into the RFSoC. To account for this, three trigger thresholds (SNR = 1.3, 1.9, and 4.3) were
simulated, representing pessimistic, realistic, and optimistic scenarios. Figure 6(a) illustrates the
simulated response of the LF’s eight horizontal polarization channels to a 100 EeV earth-skimming
tau neutrino, where the tau lepton decays, producing an approximately 1 EeV shower.

The tau channel is particularly sensitive to point sources. The peak effective area over elevation
angles to a v, point source is shown in Fig 6(b). Compared to the MI, the LF provides a comparable
effective area, performing especially well at energies above 10 EeV due to its broader view angle
coverage, in contrast to the high-frequency component, which peaks only at the Cherenkov cone.
Figure 7 illustrates PUEQO’s aperture to reflected CR events and the expected energy spectra during
PUEO’s 30-day flight. The reflected CRs are those events where the radio signals reflect off the ice
surface before arriving at PUEO. PUEOQ is anticipated to observe nearly a thousand CR events, with
one-third of these triggering both instruments and yielding high SNR in each. The remaining events
will trigger either instrument, with both recording the data. The LF’s coverage at lower frequencies
will aid in categorizing these CR events, which are a significant background for neutrino searches.
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Figure 7: (a) PUEQO’s aperture to the reflected CR events. (b) Energy distribution of the reflected CR events.
Events detected by both instruments are shown in purple curves.

6. Conclusion

The LF instrument is a critical component of PUEO, providing supplemental low-frequency
data to enhance signals detected by the MI. Additionally, the LF instrument increases PUEO’s
sensitivity to the EAS channel, making it a valuable standalone detector. The LF antennas and
gondola have been successfully built and tested, with the deployment mechanism demonstrating
robust performance. Future work includes implementing the LF trigger into the RFSoC and
conducting further lab tests. The construction of the LF instrument is progressing in line with
PUEQ’s scheduled flight in 2025.
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