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The IceCube Neutrino Observatory consists of two detector components: a cubic-kilometer in-ice
neutrino detector and the IceTop surface array for measuring extensive air showers generated by
high-energy cosmic rays. The proposed next-generation neutrino observatory, IceCube-Gen2, will
increase the in-ice instrumented volume and add an additional in-ice radio detector for high-energy
neutrinos. Furthermore, it will feature an entirely new surface array comprising approximately
160 surface stations covering more than 6 km2, each equipped with eight scintillator panels for
charged particle detection and three antennas for measuring air-shower radio emission. The
surface radio readout of each station will receive triggers not only from local coincidences of
the scintillators, but also from the reconstruction of other IceCube and IceCube-Gen2 detectors,
requiring sufficient buffer depth of several seconds. To achieve this buffer time, while aiming at
40 W electrical power budget per station, an Adaptive Readout for Gigasample Operation (ARGO)
board is developed, which uses a multi-FPGA approach with LPDDR5 memory for radio buffering.
Radio front-end and scintillator readout are realized with optional daughterboards to provide an
experiment-agnostic mainboard that could also be used in other air-shower experiments. In this
contribution we will present the concept of the ARGO board and its current development status.
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1. Introduction

The IceCube Neutrino Observatory is a cubic-kilometer neutrino detector located at the South
Pole. The planned IceCube-Gen2 upgrade will increase the instrumented volume along with
deployment of a new radio array for in-ice neutrino detection and a novel hybrid surface detector
array for extensive air showers. The surface array will consist of around 160 stations as shown in
figure 1 (left). Each station has 4 pairs of scintillator panels and 3 dual-polarization radio antennas
arranged in a triangular shape depicted in figure 1 (right). This configuration will improve cosmic-
ray measurements and the veto capabilities for astrophysical neutrino searches, while avoiding
effects from snow overburden [1].
While the scintillators provide the measurement of charged particles from extensive air showers and
fulfill the role of IceTop [2], the radio antennas are a new addition to measure the radio emission
from the extensive air showers [3]. However, the radio readout brings higher requirements to the data
acquisition than particle detectors especially as it requires continuous sampling and buffering while
maintaining sub-nanosecond timing synchronization between the antennas [1]. These requirements,
especially the buffer of several seconds, are not be met by the previous TAXI readout board, which
uses the DRS4 switched-capacitor ringbuffer chip for 4 𝜇s radio buffering [4] and is currently used
in several test stations e.g. at the South Pole [3, 5–7].
To provide these capabilities while meeting the requirements on electrical power, we present the
design of the Adaptive Readout for Gigasample Operation (ARGO).
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Figure 1: Planned layout of the IceCube-Gen2 surface array (left) and the detailed layout of the components
of each station (right) [1]. The readout electronics for each station are housed in the FieldHub along with
auxiliary electronics like the White Rabbit node [8] and power supplies [1].

2. Readout Challenges and Design Requirements

The hybrid stations of the IceCube-Gen2 surface array combine scintillation detectors with
radio antennas, two different detection techniques requiring different readout approaches. While

2



P
o

S
(

A
R

E
N

A
2

0
2

6
)

0
3

5
ARGO Readout Board for IceCube-Gen2 Frederik Schmitt

the scintillator frontends extract very compact information locally, the radio systems require con-
tinuous waveform digitization and buffering. Consequently the electronics must accommodate two
complementary readout concepts within one DAQ system.

2.1 Detector Readout Concept

The scintillator panels provide a measurement of the charged particle content of an extensive
air shower that reaches Earth’s surface. The panels used in IceCube-Gen2 contain a uDAQ frontend
digitization PCB that digitizes the SiPM signal locally and extracts the physics information of the hit
before sending the signal to the DAQ [9, 10]. This approach greatly reduces data rate to transmit and
store, which allows readout using conventional embedded hardware. The communication between
the uDAQs and the DAQ uses an RS485 interface for buffered data transfers along with a separate
trigger line that immediately sends a trigger signal to the DAQ when a signal is recorded in the
SiPM. In the other direction, the uDAQs require 1 PPS and 10 MHz timing signals, and power from
the DAQ.
Unlike the scintillator system, the radio readout must preserve the waveform to allow offline analysis
of the weak transient pulses emitted by cosmic-ray air-showers. Hence the radio signal must be
continuously digitized with sampling rates up to 1 GSa/s at 14 bit resolution. Since storing the
entire continuous waveform is not feasible and would amount to a sustained data rate of over 3 GB/s
per dual-channel antenna, the radio readout relies on external trigger signals to identify intervals of
the waveforms that should be retained. To form these decisions, the primary trigger source are a
local coincidence of scintillators in the stations indicating the presence of an extensive air shower
in the station, and a fixed-rate trigger to capture background samples. However, to fully utilize the
physics potential, the trigger signal should also be accepted from external sources to allow triggers
from neighboring stations and also from the IceTop and deep optical detectors.

2.2 Radio Buffering Challenge

Unlike the local coincidence trigger, the external triggers, especially those from the in-ice
detectors and IceTop, cannot be sent immediately. The reconstruction of the high-energy events in
the IceCube detector requires a complex and computationally intensive workflow to process the data
on computers, which introduces a non-deterministic delay of the order of seconds. To ensure that
the corresponding radio signal is still available when such a delayed trigger arrives, each antenna
waveform must continuously store its digitized waveform in a ring buffer. As stated above the
data rate per antenna is around 3.2 GiB/s, hence buffering about 5 s requires approximately 16 GiB
memory per antenna. This requirement exceeds the capabilities of the on-chip memories of current
FPGAs by orders of magnitude and therefore necessitates the use of high-density external memory
capable of sustaining such bandwidths. At the same time of the order of 160 stations must operate
on a limited power budget, making memory bandwidth, power consumption, price per unit, and
buffer capacity key design drivers. The detailed resulting requirements of the readout are listed in
table 1. These constraints directly motivated the architecture of the ARGO readout system presented
in the following section.
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Table 1: Requirements on the DAQ electronics for the IceCube-Gen2 surface array.

Requirement Physical Motivation
0.8 to 1 GSa/s radio sampling Preserve radio waveforms

5 s radio buffer Delayed global triggers
< 1 ns timing Interferometric radio reconstruction

< 40 W South Pole or autonomous powering
Modular architecture Future upgrades and reuse

Long-term component availability Deployment in 2030s

3. The ARGO Architecture

The Adaptive Readout for Gigasample Operation (ARGO) architecture is developed to sat-
isfy the requirements summarized above, while providing flexibility to adapt the board for other
experiment concepts in the field of air-shower physics. To achieve this, the design follows three
main principles: Modular detector interfaces, separation of high-speed RF acquisition from sys-
tem control, and extensive use of commercial system-on-modules to simplify development and
upgrades.

3.1 Overall Architecture

ARGO consists of a modular motherboard and two detector-specific interface boards as de-
picted in figure 2. The motherboard contains the digital processing, triggering, synchronization
and buffering logic, while the daughterboards implement the detector-specific interfaces for par-
ticle detectors and radio antennas. This separation allows the motherboard to remain largely
experiment-agnostic, while detector-specific functionality can be adapted through interchangeable
daughterboards without redesigning the main hardware.
For IceCube-Gen2, the radio-interface board connects up to four SKALA LPDA antennas [11] and
their front-end electronics to the ADCs on the motherboard, whereas the auxiliary board interfaces
the mainboard with the eight scintillator uDAQ frontends [9, 10].
Although IceCube-Gen2 requires only three radio antennas per station, the radio interface and
motherboard support up to four antennas due to symmetry reasons. The additional channel can
either remain unpopulated or serve as a spare channel.

3.2 Interface Daughterboards

To maximize flexibility of the design, the detector-specific circuitry is implemented on re-
movable daughterboards. These interfaces can readily be adapted to different antenna designs,
bandwidths or alternative particle detectors such as water-Cherenkov tanks allowing the ARGO to
be reused in a variety of air-shower experiments without modifying the motherboard. This allows
ARGO to be quickly adapted in other experiments and configurations without changing the moth-
erboard hardware.
To further ease this, the interface to the scintillator daughterboard uses the standard FPGA Mezza-
nine Card (FMC-LPC) connector. This connector offers high density of high speed digital I/O-pins
and is also common on commercially available evaluation boards to simplify integration testing
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Figure 2: Schematic overview of the ARGO board with the IceCube peripherals. The different arrows
indicate the different connection types for the main connection lines on the board, while the clock and power
distribution system is not shown for simplicity.

and adaptation. In the case of the IceCube auxiliary board, the board will also feature an RS232
interface for debugging and uDAQ programming as well as auxiliary 1 PPS and 10 MHz timing
inputs, to allow testing independently of the full ARGO system.
In contrast, the interface between the analog daughterboard and the mainboard caries only eight
differential analog signal pairs along with power and slow-control lines. Consequently, the high
pin density provided by FMC is unnecessary. Instead, a compact rugged connector optimized for
analog signal integrity is used to transmit the balanced RF signals, supply power to the analog board
and provide an I2C control interface. Through this interface, the mainboard can switch the power
for the individual antennas and control an integrated calibration pulser.

3.3 Radio Processing

The radio processing chain is responsible for continuous digitization of the antenna signals,
buffering the acquired waveforms, accessing and sending the required time periods in case a trigger
is received. To meet the sustained bandwidth requirements while maintaining long buffer depths, the
acquisition path is realized using dedicated FPGAs with external LPDDR5 memory in the ARGO
design. Each dual-channel ADC is assigned to an AMD Spartan UltraScale+ FPGA. Although a
single FPGA could interface with multiple ADCs, using one FPGA per ADC maximizes the available
memory bandwidth and therefore increases the achievable buffer time. This is one of the primary
design constraints of ARGO. Furthermore the Spartan US+ family provides an integrated LPDDR5
memory controller, enabling the sustained throughput required for the continuous buffering, while
also providing long-term component availability.
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The FPGA continuously streams the digitized waveforms into external LPDDR5 memory organized
as a circular buffer. Upon receiving a trigger from the central microchip (SoC) of ARGO, the
requested time interval is extracted from the buffer. This sample is then sent back to the SoC for
further processing.
To offload the memory interface layout design from the motherboard design, increase customization
further and simplify the mainboard, the Spartan FPGAs are currently designed to be used in form
of a system-on-module (SoM). The SoM already houses the FPGA, memory chips and auxiliary
electronics like the flash memory and power system on a small PCB providing an easier interface
to the motherboard with a high density connector array. This allows customization of the Spartans
e.g. when changing the memory type or the FPGA variant without redesigning the motherboard.
Additionally, this reduces the number of failure points on the mainboard and allows easier replacing
of broken parts without soldering along with testing on commercial carrier boards.

3.4 Central Control

While the Spartan FPGAs are dedicated to the high-speed waveform capture, the overall system
control is handled by an AMD Zynq UltraScale+ MPSOC. This device combines programmable
logic with embedded multi-core processors, allowing both deterministic FPGA-based data handling
and flexibility of a conventional operating system.
The central SoC forms the coincidence trigger from the scintillator panels, receives triggers from
external detector systems, distributes the trigger signal to the radio FPGAs, and coordinates the
readout of the requested segments. Further, it manages the communication to the slow control lines
of the daughterboards, fanout of timing to the Spartans, as well as communication to the central
DAQ servers for slow control and data output.
To simplify the hardware development around the SoC and provide upgradability in the future, the
Zynq is implemented as a commercially available SoM similar to the Spartan.

4. Development Status

As presented above, the architecture of the ARGO readout system has been defined and only a
small number of open design questions remain. Current development focuses on synchronization
between the independent RF channels and the evaluation of suitable waveform compression schemes
to further increase the effective buffer depth.
The detector-specific daughterboards for IceCube-Gen2 have reached an advanced development
stage. Both the radio and scintillator interface boards have completed schematic and PCB design
and the first renders of the boards are shown in figure 3. These boards are currently awaiting
production of an initial prototype batch. In parallel, dedicated test and calibration hardware is being
developed to characterize the analog boards and validate the radio signal chain in the laboratory.

Firmware development is carried out in parallel using the selected ADC together with a com-
mercial AMD Zynq UltraScale+ MPSoC evaluation platform. This setup provides a laboratory
environment for the development of the high-speed radio readout, waveform buffering, synchro-
nization and future compression algorithms before the dedicated ARGO motherboard becomes
available.
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Figure 3: Renders of the analog (left) and auxiliary (right) board for the ARGO board as intended for
IceCube. The FMC connector of the auxiliary board is not visible as it is on the backside of the auxiliary
board, along with the magnetics for the RJ45 connectors to the uDAQs. The bottom side of the analog board,
in contrast, is empty to allow simpler production and easier mounting in the enclosure.

The motherboard is currently in schematic design and is expected to enter prototype production
in the coming year. Following verification tests in the laboratory over extended time periods and
temperature ranges, the first complete ARGO systems can be deployed in the existing IceCube-
Gen2 prototype stations at either the Pierre Auger Observatory in Argentina [5–7] or the surface
enhancement prototype station, installed at the Telescope Array observatory in Utah, USA [12],
currently operating with the TAXI DAQ board [4]. These deployments will provide the first
measurements of extensive air showers with ARGO under realistic operating conditions before
long-term deployment at the South Pole.

5. Conclusion

The hybrid surface stations of IceCube-Gen2 introduce requirements for the readout that
differ significantly from those of conventional air-shower array DAQ systems, particularly in the
continuous waveform capture and multi-second radio buffering. To address these challenges, the
Adaptive Readout for Gigasample Operation (ARGO) combines high-speed waveform acquisition
and large external buffers with a modular architecture based on daughterboards and system-on-
modules. The first interface boards are designed, while the development of the motherboard and
firmware is progressing. The first test hardware is expected soon with field deployments at existing
IceCube-Gen2 test stations planned as the next milestone towards operation at the South Pole and
deployment of the IceCube-Gen2 Surface Array in the 2030s.
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