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POEMMA (Probe of Extreme Multimessenger Astrophysics) Balloon with Radio (PBR) is a
balloon-borne experiment being prepared for launch in 2028 from Wanaka, New Zealand, with
three key instruments: Fluorescence Camera (FC), Cherenkov Camera (CC), and Radio Instrument
(RI). The last detects the signals from atmospheric particle cascades initiated by ultra-high-energy
cosmic rays and neutrinos using two dual-polarized sinuous antennas with bandwidth of (60 —
500) MHz accompanied by custom made analog electronics and Data Acquisition System (DAQ)
based on a Radio Frequency System-on-Chip (RFSoC) which allows synchronous sampling of all
four channels. The radio read-out is triggered externally by the CC with an option for internal
triggering currently under development. In addition, two radio transmitting channels (DAC part of
the RFSoC) can be used for in situ instrument calibration. The DAQ design and the initial results

of its thermal vacuum test are discussed.
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1. Introduction

The Probe Of Extreme Multi-Messenger Astrophysics (POEMMA) is a proposed dual-satellite
observatory aiming to study ultra high-energy cosmic rays (UHECR) and neutrinos. A more
compact ballon-borne pathfinder version of this experiment is called POEMMA-Balloon with
Radio (PBR) and is currently under preparation for launch in 2028 from Wanaka, New Zealand
with anticipated flight duration of more than 20 days. The main scientific goals of PBR are
observing UHECRs from above and studying HAHAs (High Altitude Horizontal Air-showers) and
astrophysical neutrinos. To achieve this there will be three main instruments deployed: Fluorescence
Camera (FC), Cherenkov Camera (CC), and Radio Instrument (RI) [1, 2]. Fig. 1 shows PBR main
detection channels and corresponding instruments. The present work is focused on the RI, which
consists of two dual-polarized sinuous antennas read out by custom made analog electronics —
the design is adapted from the Low-Frequency Instrument of The Payload for Ultrahigh Energy
Observations (PUEQO) [3] which successfully operated for 23 days during the 2025-2026 Antarctic
season. The RI detects RF signals initiated by HAHAs and neutrinos and is designed to be triggered
externally from the CC as well as internally on the RF channels. Additionally, it is planned to utilize
a periodic software trigger for radio background studies. For this purpose a DAQ based on a Radio
Frequency System-on-Chip (RFSoC) is used.
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Figure 1: PBR main detection channels, the Radio Instrument (RI) is sensitive to the radio signals initiated
by HAHASs and neutrinos, adapted from [1].
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2. PBR Radio Instrument DAQ

2.1 DAQ design

The RI DAQ key component is a Gen-3 RFSoC XCZU47DR, which combines a Programmable
Logic (PL), a Processing System (PS) based on a quad ARM Cortex-A53 and a dual ARM Cortex-
RS, as well as eight 14-bit ADCs with sampling rate up to 5 GSa/s and eight 14-bit up to 9.85
GSa/s DACs on one single chip. Over the last few years this technology became a very promising
solution for a variety of experiments detecting radio frequency signals due to its high flexibility, low
latency, small physical footprint, relatively low power consumption and cost. The chip is housed
on a KRM-4ZU47DR board by Knowledge Resources GmbH [4]. A simplified principle diagram
of the system is shown in Fig. 2.
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Figure 2: Principal diagram of the RI DAQ.
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The DAQ operates in the following way: 4 RF signals (two antennas with two polarizations
each) are fed into the PL part of the RFSoC where they are continuously digitized at 1.2288
GSa/s rate by an RF Data Converter (RFDC) AMD LogiCORE™M 1P, the digitized data is then
handled by a Capture Module with a Ring Buffer where it is stored until a Trigger Module asserts
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a trigger signal, which can be either external from the Cherenkov Camera, software-generated, or
produced internally based on the buffered data (currently under development). Once a trigger occurs
the capture module locks and sends the formed packets to an AXI DMA (Advanced eXtensible
Interface Direct Memory Access) controller that writes the data (four waveforms of 10 us (12288
samples) each, with the trigger time being in the middle of the waveform ~ 5us) directly to the PS
DDR memory. This memory can be read by the software running on the PetaLinux system of the
PS part of the chip. The Timing Module is responsible for synchronization of the RI with the rest of
the instruments through the Trg&Sync board of CC [5] using multiple signals: PPS, 40MHz Clock
(main clock of the Timing Module), GTU Clock (1 MHz), and Busy signal indicating when the RI
is ready to acquire data. PS is also responsible for communication with the main flight computer
(data exchange, runs control, etc.) over TCP/IP protocol, sending the housekeeping data through
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CAN interface, and controlling the analog electronics over serial port. The total power consumption
of the DAQ is ~ 20W for the first version of the firmware (external and software triggers only).

2.2 Synchronization and Clocking

In order to use beamforming (either for the internal trigger or for data analysis) all four channels
must be synchronized with timing uncertainty smaller than a particular value, which is often defined
as the time accuracy at which the phase mismatch is less than 30° at the maximum frequency [6, 7]:

Admax _ /6 _ 1
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For the RI f,,x = 500 MHz and thus At,,,x =~ 0.17 ns. Inside the RFSoC the ADCs are laid
out in tiles. In particular for the chip used in the RI, ADCO and ADCI belong to tile 224 and
ADC2 and ADC3 to tile 225. To make sure that all four of them digitize the incoming signals
not only at the same rate but also in the same phase their clocks must have the same frequency

Atmax =
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and be aligned in a deterministic and repeatable way. For this the Multi-Tile Synchronization of
RFDC is used, however it requires multiple input clocks being deterministic and having specific
ratios between their frequencies as well as additional reference clocks "Analog SYSREF" and
"user-sysref-adc" establishing common timing references for the ADCs and the read-out interfaces
(AXIS) respectively. The scheme and hardware (Clocking Board) were adapted from Knowledge
Resources GmbH — the clocks are controlled by two chips (LMKO04208 and LMX2594) which are
configured over SPI interface from the PS side of the RFSoC (Fig. 3).
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Figure 3: Clocking diagram of the Radio Instrument DAQ.

The performance of the multi-channel synchronization was tested and verified with a signal
generator producing sine waves at specific frequencies which were then split and fed into 4 channels
of the DAQ digitizing and saving the data, each run consisted of 1000 events (Fig. 4). The phase of
each signal was then obtained by fitting the input signals with a sine function for each event and the
relative phase offsets with respect to channel 0 (CHO) were calculated. These offsets, arising from
differences in cable lengths, PCB traces, FPGA routing, etc., are constant and reproducible. For the
100 MHz measurement shown in Fig. 5, the offsets relative to CHO are approximately 49 ps, 79 ps,
and 123 ps for CH1, CH2, and CH3, respectively. The results are the same for various frequencies
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Figure 4: Multi-channel synchronization test setup and example snippet of waveforms for a 100 MHz sine
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and amplitudes of input signals and are repeatable through various test runs. The uncertainties of
the offsets are ~ 0.2 ps (the standard deviation of the distribution over the 1000 events) which is far
below the maximum values needed for beamforming within the RI bandwidth. The final calibration
will need to be done for the flight configuration once all cables and electronics are integrated.
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Figure 5: Multi-Channel synchronization, results for the first DAQ firmware: relative phase offsets with
respect to CHO. u represents the mean of the distribution over the 1000 events and o its standard deviation.

3. Thermal Vacuum Test

Since the RI is designed to operate on a high altitude balloon the DAQ performance had to
be tested under the conditions expected during the flight, in particular vacuum pressure and low
temperatures (the instrument is planned to operate primarily at night time). The RFSoC is the
hottest component of the DAQ and managing its heat production is challenging, particularly under
vacuum. In order to account for this a specially shaped heat-transfer component (Cold Finger) was
designed to be able to dissipate up to 100W of heat produced by the chip (Fig. 6). To verify the
DAQ performance a long-term thermal vacuum test was performed: the pressure was maintained
at =~ 0.5 mbar and the temperature was varied between the room temperature and about — 40°C and
controlled by multiple thermocouples. Fig. 7 shows the temperature profile of the test. Vertical
dashed lines indicate the times when the temperature was set to a particular value, the "Cold Plate"
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Figure 6: Photo of the Heat Management system of the Radio Instrument DAQ with thermocouples attached
for temperature monitoring during the test.

temperature is a proxy for ambient temperature during the flight. As can be seen the thermo
regulation was operating nominally and RFSoC was not overheating. At around hour 35 the DAQ
was turned off to verify that it can do a "cold start", which was successful.
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Figure 7: Radio Instrument DAQ thermal vacuum test: temperature profiles. The "Cold Plate" temperature
is a proxy for environmental temperature during the flight.

To check the performance of the DAQ the same method as in Section 2.2 was used. Fig. 8 shows
the phase offsets relative to channel O at various points of the test, they remain constant within a few
picoseconds and deterministic within the entire temperature range. An additional offset (up to ~
5ps) is observed at —40°C cold start, but once the system is warmed up it stabilizes again. The value
of this additional "cold start offset” is significantly smaller than the maximum timing uncertainty
required for synchronization (0.17 ns), however during the future thermal vacuum tests it is planned
to study in more detail how long it takes for the DAQ to come back to nominal performance. When
the temperature is stable the uncertainties of the relative offset agree with the laboratory tests and
are ~ 0.2 ps. As well as for the lab tests, all the offsets are well within the required range.
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Figure 8: Relative phase offsets with respect to CHO measured at different temperatures during the thermal
vacuum test including the system reboot and cold start. u represents the mean of the distribution over the
1000 events and ¢ its standard deviation

4. Current Status and Next Steps

As of August 2026 the DAQ is undergoing the ultimate development stages, in particular the
hardware, firmware, and the software are being finalized and verified, and the internal trigger is
being implemented. The DACs of the RFSoC (14-bit up to 9.85 GSa/s) are planned to be configured
as arbitrary waveform generators for in situ calibration either by connecting them directly to the RF
inputs or to external antennas. As a potential next step real-time machine learning denoising and
classification of the signals based on the IceCube Surface Array methods [8] is being considered
for implementation, for this the RI experimental flight data (physical signals and noise) will be used
for convolutional neural network development and its implementation directly in the PL fabric of
RFSoC using specialized tools such as HLS4ML [9].
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5. Conclusion

The PBR Radio Instrument DAQ meets the technical requirements and is on track for the
planned launch of the payload in early 2028.
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