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Abstract

Fast Radio Bursts (FRBs) are among the most intriguing astrophysical phenomena, requiring high-throughput, low-
latency detection systems to capture their fleeting signatures. This paper presents the design and implementation
of a real-time FRB detection pipeline tailored for the Northern Cross Radio Telescope, which is undergoing a
major digital upgrade. Leveraging GPU-accelerated beamforming and transient search algorithms, the system
integrates a scalable software architecture capable of processing wide-field data streams in the 400-416 MHz band.
We describe the pipeline’s modular components, including the data reception, the GPU-based beamforming and
correlation, and a proposed orchestration framework for transmitting the synthesised beams to remote memory
for downstream scientific applications. Preliminary benchmarks demonstrate significant performance over the
acquisition times, enabling real-time processing across multiple synthesised beams.

Keywords

1. Introduction

Fast Radio Bursts (FRBs) are enigmatic, millisecond-duration radio transients originating from cos-
mological distances, first discovered by Lorimer et al. [1]. Their extragalactic nature, inferred from
their large dispersion measures (DMs), exceeding the Galactic contribution, positions them as powerful
probes of the intergalactic medium and cosmic baryon content [2, 3]. Despite significant observa-
tional progress, including the identification of repeating FRBs [4], the precise astrophysical origins and
emission mechanism of FRBs remain largely unknown.

The transient and unpredictable nature of FRBs poses considerable challenges for their detection
and characterisation. Their short durations necessitate high time resolution observations, while their
large and unknown DMs require computationally intensive de-dispersion across a vast parameter space
to maximise signal-to-noise ratio [5]. Furthermore, pervasive terrestrial radio frequency interference
(RFI) often mimics astrophysical signals, demanding robust RFI mitigation strategies. Historically,
FRB discoveries were often made through offline analysis of archival data, limiting opportunities for
immediate multi-wavelength follow-up observation crucial for unravelling their progenitor systems
and environments.

The advent of real-time FRB detection pipelines has revolutionised the field, enabling prompt alerts
and triggered voltage data captures that provide unprecedented insight into burst microstructure and
polarization properties [6]. Several observatories worldwide have successfully deployed such systems,
including the realfast pipeline at the Very Large Array [7], CRAFT at the Australian SKA Pathfinder
[8], ALFABURST at Arecibo [9], the CHIME/FRB instrument [10], UTMOST [11], FAST [12], and
greenburst at the Green Bank Telescope [13]. These efforts underscore the critical importance of real-
time processing for maximising the scientific yield from FRB observations. Next-generation facilities
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Figure 1: Top view of the Northern Cross radio telescope with the two perpendicular arms along the East-West
and North-South direction.

such as the Square Kilometre Array (SKA), the Next Generation VLA (ngVLA) and the Deep Synoptic
Array 2000 (DSA-2000) are being designed with advanced transient detection capabilities, promising to
dramatically increase FRB discovery rates and enable detailed studies across a wide range of frequencies
and sensitivities [14, 15, 16]. The CHIME/FRB instrument also continues to be a prolific discoverer of
FRBs, with ongoing efforts to further enhance its capabilities [17, 18]. Additionally, projects like the
MeerTRAP at MeerKAT aim to further expand our observational reach for these elusive phenomena
[19, 20].

The Northern Cross Radio Telescope, a T-shaped radio interferometer (see Figure 1) operating at a
central frequency of 408 MHz, possesses a large collecting area (~30,000 m?) and a wide field of view,
making it well suited for FRB detection [21]. Following significant upgrades, the Northern Cross has
recently demonstrated its capability in FRB observations, including the detections of repeating sources
[21]. The instrument is now being fully refurbished, including mechanical and analogue restoration and
upgrades, and the installation of digital systems and a High Performance Computing (HPC) compute
cluster that will be capable of performing FRB searches utilising the full instrument. To enable this, the
development of a dedicated real-time FRB detection pipeline is essential.

In this paper, we highlight ongoing efforts to implement a digital backend pipeline that supports
real-time FRB detection at the Northern Cross Radio Telescope. Our contributions are threefold. First,
we propose an improved data acquisition (DAQ) system, building on the design in [22], capable of
handling higher packet throughputs via a multi-threaded, multi-producer/multi-consumer architecture
optimized for low-latency data ingestion. Second, we present a GPU-accelerated beamforming and
correlation pipeline, including a beamforming kernel that achieves throughput exceeding 3 x the real-
time acquisition rate, and a correlation kernel that operates at 23 real-time. Third, we introduce
the architecture for a distributed orchestration framework designed to synchronize multiple GPU
pipelines with downstream FRB detection services. This orchestration layer leverages RDMA-based data
movement and a publisher/subscriber model to ensure batch-level synchronization between components
across heterogeneous compute environments.

The remainder of this paper is organised as follows:

« Section 2 describes the Northern Cross Radio Telescope and the ongoing hardware and software
upgrades;

« Section 3 presents improvements to the DAQ library used in the Data Reception layer;

« Section 4 details the GPU pipeline for beamforming and correlation computation;

« Section 5 proposes an orchestration framework for transmitting synthesised beams downstream;

« Section 6 summarises the work and discusses planned future developments.



2. The Northern Cross Radio Telescope

The Northern Cross Radio Telescope, also know as "Croce del Nord", is a T-shaped radio interferometer
located near Medicina, Bologna, Italy. Inaugurated in 1964, it was designed to observe cosmic radio
waves at central frequencies of 408 MHz with an initial bandwidth of 2.5 MHz, later widened to 16 MHz
for pulsar research. Its vast collecting area makes it one of the world’s largest transit radio telescopes and
the largest UHF-band antenna in the Northern Hemisphere. The telescope consists of two perpendicular
arms: an East-West (E-W) arm, a single cylindrical-parabolic reflector 564 m long and 35 m wide, and a
North-South (N-S) arm composed of 64 smaller cylindrical-parabolic antennas, totalling 640 m in length.
As a transit instrument, it is mechanically steerable only in declination, observing celestial sources as
they cross the local meridian.

The Northern Cross has a rich history in radio astronomy. In recent years it has undergone significant
upgrades to enhance its capabilities, particularly for transient phenomena like FRBs. The "Northern
Cross Fast Radio Burst Project” is a dedicated initiative to leverage this instrument for FRB Research

2.1. The Northern Cross Fast Radio Burst Project

Up until 2024, the Northern Cross underwent a significant refurbishment, particularly to parts of the
N-S arm. An initial refurbishment of eight parabolic cylindrical reflectors of the N-S arm was carried
out between 2006 and 2009 as a technological demonstrator for the SKADS-FP6 project, testing new
technologies like RF over fibre links for signal transport and software beamforming. Subsequently, the
entire N-S arm underwent refurbishment, following similar technological developments. Since 2000, the
N-S arm has been dedicated in parallel to the detection and monitoring of FRBs and Space Debris [23, 24].
This involved the installation of Low Noise Amplifiers (LNAs) on the focal line of the N-S cylinders,
with signals transmitted via RF over fibre to acquisition boards for digitisation and channelisation.
The system utilised an analogue beamformer, grouping 16 dipoles (one receiver) together within each
cylinder to produce four beams per cylinder. The FPGA-based channelisation provided a 16 MHz
bandwidth with a 781.25 kHz channel width, leading to a digital beam. A second channelisation further
refined the data to a final time resolution of 134 ys and 14 kHz channel resolution. Pilot observations of
pulsars, such as B0329+54, were conducted to characterise the system’s performance and forecast FRB
detectability [21].

2.2. Digital and Software Backend

The FRB search effort at the Northern Cross prior to the latest upgrades (as discussed in Section 2.3) were
primarily enabled by a dedicated digital and software backend. The data acqusition system processed
signals from the N-S arm. The core of the FRB search was performed using an adaptation of the SPANDAK
pipeline [25]. The pipeline leveraged rfifind from the PRESTO software suite [26] for real-time RFI
masking. When needed for individual filterbanks with high RFI, the Inter-Quartile Range Mitigation
(IQRM) real-time adaptive RFI masking was also employed [27]. Following RFI mitigation, Heimdall
[28] was used to dedisperse the data across a wide range of DMs, typically 20 to 3000 pc cm™~3, for
single pulses. A fine DM sampling was adopted, with approximately 25,000 DMsteps, and searches were
conducted for bursts with a maximum width of around 70 ms. Candidates identified by Heimdall with
a signal-to-noise ratio (SNR) greater than 7 were then subjected to further selection criteria based on
their SNR, DM, burst width (At < 141.6 ms), the maximum number of allowed candidates within a time
window, and the minimuim number of distinct boxar/DM trial clusters into a candidate. Plausible FRB
candidates were then validated using FETCH [29], a convolutional neural network trained to distinguish
between RFI and genuine astrophysical signals. Finally, every candidate that passed all selection steps
underwent a deep investigation with human inspection [24, 21].



2.3. Next Generation Croce del Nord

The Northern Cross is currently undergoing a significant upgrade under the "Next Generation Croce
del Nord" (NG-Croce) program. The upgrade aims to greatly improve the overall capabilities of the
radio telescope, enhancing its field-of-view, sensitivity and resolution. The core of the upgrade lies in
the new digital backend and HPC cluster. A total of 672 analogue inputs (256 from the N-S arm and
416 from the E-W arm) will be digitised by the FPGA boards. Real-time (multi)beam forming and FRB
searches will be performed by an 18-node HPC cluster, with each node equipped with dual multi-core
CPUs, two NVIDIA L40s GPUs, 2 TB of RAM, and SSDs. This powerful computing infrastructure allows
for advanced signal processing. 8 PB of disk storage is also available for immediate or short-term
processing. The software system for the upgraded Northern Cross builds upon previous efforts while
incorporating new capabilities. It is designed to handle the increased data rates and complexity from
the enhanced hardware. While NG-Croce upgrades both arms, this paper focuses specifically on the
N-S arm and its 256 antennas.

2.4. Digital and Software processing
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Figure 2: Overall orchestration digaram of the planned real-time FRB pipeline

The system architecture is designed to support flexible and scalable signal processing for multiple
Key Science Projects (KSPs), including FRB detection and Space Debris (SD) monitoring. A high-level
architecture diagram (see Figure 2) illustrates the clear separation between the beamforming/correlation
servers and the downstream FRB/SD/other KSP servers. The beamformer/correlator subsystem generates
multiple beams that can be simultaneously distributed to all active KSP pipelines. While SD observations
require a transmitter and thus cannot piggyback on FRB operations, FRB detection can leverage SD
observational data. The architecture is modular, allowing for the integration of additional KSP pipelines
in the future.

The digital backend comprises 21 FPGA-based boards, each capable of processing signals from 32
receivers across two FPGAs per board. Incoming analog signals are digitised at 800 MSPS, digitally
down-converted to 50 MSPS, and channelised into 4096 frequency channels. These channelised raw
voltages are packetised using the SPEAD protocol [30], with each packet containing 128 frequency
channels from one spectrum for 16 antennas. Data are transmitted over 40 Gbps links to a central 100
GbE switch.

Channelised antenna voltages are then routed to the beamforming/correlation servers, which are
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Figure 3: High-level architecture design of the DAQ system. Packets received are pushed onto a consumer ring
buffer or filtered. Non-filtered packets are aggregated and passed to the consumer for processing. From [22].

partitioned across frequency bands. Each server is responsible for beamforming and correlating its
assigned frequency channels. These servers also implement a transient buffer to store raw voltages
temporarily. Upon detection of an FRB or SD event, the buffer can be triggered to persist the relevant
raw data for detailed offline analysis.

For FRB detection, a subset of the beams is forwarded to dedicated servers running Heimdall, a
real-time transient detection pipeline. This setup enables efficient and scalable FRB searches across the
telescope’s field of view.

3. Data Reception

The Data Acquisition (DAQ) library [22] was originally developed for the Aperture Array Verification
System (AAVS) in the SKA-Low technology pathfinder. It ingests raw Ethernet frames at high throughput
via Linux’s PACKET_MMAP interface and provides a modular API for dynamically loaded, consumer-
specific logic.

Consumer logic is fully decoupled from the DAQ core. Each consumer is compiled as a shared
library, loaded at runtime, and encapsulates both packet-filtering and processing callbacks. The DAQ
spawns Network Receiver (NR) threads to pull raw frames from the kernel’s PACKET_MMAP buffer,
and Packet Consumer (PC) threads—one per consumer—to retrieve filtered packets. PCs aggregate
packets for each time interval, invoke the user-defined callback on the full batch, then clear their
buffer and resume consumption. Multiple NRs may work on the same ring buffer, synchronising via a
fine-grained test-and-test-and-set spin lock with exponential back-off to minimise cache coherence
traffic and contention. Figure 3 illustrates this high-level flow.

Although the DAQ remained reliable under moderate load, high-throughput, multi-threaded scenarios
exposed several bottlenecks:

« Callbacks block packet processing, creating backpressure;

+ Fine-grained spin-locks degrade performance under contention;

« The multi-producer single-consumer (MPSC) ring buffer, limits scalability;
+ Only data incoming through a single network interface is supported.

To address these bottlenecks, we applied targeted architectural enhancements to improve scalability
and throughput. The following subsections detail each enhancement. Figure 4 illustrates the upgraded
DAQ subsystem.

3.0.1. MCS Lock-Based Ring Buffer

Although the test-and-test-and-set spin-lock handled moderate loads, it faltered under heavy contention.
When many NR threads race a single, slow-consuming Packet Consumer, lock acquisition spikes.
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sort them into containers. The ContainersManager dispatches full containers to the consumer’s callback.

Repeated reads of the same cache line inflate coherence traffic, and the lack of fairness guarantees risks
thread starvation. To solve these issues, we adopted the Mellow—-Crummey and Scott (MCS) lock [31].

In an MCS lock, each thread spins on its own queue node, dramatically cutting memory-bus contention.
The queue-based protocol enforces FIFO ordering—eliminating starvation—and preserves O(1) handoff
under contention, thus maintaining throughput and bounding latency.
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Figure 5: Comparative benchmarks for MPMC ring buffer utilising the original spinlock vs the newly
implemented MCS lock, MCS shows smoother throughput and regular buffer cycling under high
contention. (a): MCS memcpy throughput scaling; (b): MCS ring buffer occupancy. (c),(d): Spin lock
equivalents.

3.1. Multi-Producer Multi-Consumer Ring Buffer

Originally, the DAQ’s ring buffer supported a multi-producer single-consumer model. To meet higher
throughput demands, we extended it to a multi-consumer design. Since multiple producers were already
supported, the enqueue (push) logic remains unchanged.



In the updated design, each PC thread maintains a thread-local variable that tracks the last cell from
which it successfully retrieved data. When a PC thread attempts to pull a new packet, it first copies
the current value of the global tail pointer into its local variable. The thread then attempts to acquire
a lock on the corresponding cell and retrieve its contents. If the cell is found to be empty, the lock is
released, and the thread proceeds to acquire a lock on the global tail pointer. If there are still occupied
cells (i.e., the number of full cells is greater than zero), the tail is incremented, and the thread retries the
pull operation.

This design ensures thread-safe access to the ring buffer and allows multiple consumers to operate
concurrently without data corruption or race conditions. Pseudocode for the pull procedure is provided
in Algorithm 1.

Algorithm 1 pull()

1: while true do

2 local_consumer < current consumer index

3 acquire lock on cell at local_consumer

4 if cell is empty (size == 0) then

5: release cell lock

6 acquire lock on consumer index

7 if there are full cells then

8 advance consumer index (wrap around)
9

: else
10: sleep briefly
11: end if
12: release consumer lock
13: continue
14: else
15: break
16: end if

17: end while

18: data_size <— cell size at local_consumer
19: data_ptr < pointer to cell data

20: return data_size

The extended MPMC ring buffer was implemented using both the original DAQ spinlocks and
the newly introduced MCS locks. Both implementations were benchmarked with 8 producers and 8
consumers. The cell size was set to 8192 bytes to simulate the size of expected payload for packets
received from the digital backend, and each test was conducted over a duration of 100 seconds. Figure 5
presents the performance of the MCS-based ring buffer against the original spinlock design. The MCS
lock achieves and sustains higher and more balanced producer-consumer throughput (a), while also
maintaining regular, cyclical buffer usage (b). In contrast, the spinlock implementation exhibits degraded
and unstable performance under higher thread contention. The adoption of the MCS lock results in a
performance improvement of approximately 60%.

3.1.1. Container Pool with Asynchronous Callbacks

In the original design, the PC thread was required to wait for the consumer callback to finish processing
the aggregated data before consuming more packets from the ring buffer. This prevents overwriting
any data that the consumer has not processed yet. Under high-packet ingress scenarios, this latency led
to packet drops. To decouple the two operations, we introduce a container pool. The container pool
maintains a number of packet aggregations (of an arbitrary length) which we refer to as containers. Each
container maintains a four-state lifecycle (EMPTY — WRITING — PROCESSING — READY), managed
via an atomic counter. The ContainersManager maintains a list of available containers and supplies



them to PC on request.

Once a container is ready for processing, the callback function is called asynchronously. The container
is passed to the callback function using a MetaData structure that is initialised using a smart pointer.
On exiting the callback, the structure instance is automatically destroyed, changing the container’s
state to READY automatically. This indicates to the ContainerManager that the container is ready
for clearing. Containers recycling procedure is handled by a secondary thread executing within the
ContainersManager. The containers recycler periodically loops through all containers and checks for
containers in READY state. These containers are cleared and introduced back on the list of availability.

3.1.2. Multi-Consumer Container Caching

For multiple PC to operate concurrently, container retreival has to be thread-safe; ensuring that
all PC write packets within the same arbitrary range of time samples to the same container. The
ContainerManager is extended to implement a thread-safe map of active containers. When a PC
encounters a timestamp outside the range of its current active container, it requests a new container
from the MultiConsumerContainerManager via the getContainer function.

Internally, the manager maintains a cache of active containers. If the cache cannot fullfil a PC request,
anew one is acquired from the ContainerPool. This container is wrapped in a cache context structure,
which stores metadata including the timestamp range it covers, the number of currently active threads
(AT), and the total number of threads that have requested this container (TT). The new container is also
added to the cache. Upon switching containers, the PC decrements the AT counter of the previously
used container. Thread safety for this cache is enforced via a lock that serializes access to the cache.
This mechanism ensures that only the first request would invoke a new container, while all other PC
retrieve the same instance from the cache. The pseudocode for this process is presented in Algorithm 2.

Containers in the cache are marked ready for processing when their AT count reaches zero. A
secondary thread has been introduced in the new container manager to periodically check active
containers cache for AT state equal to 0. Once found, these containers are pushed for processing.



Algorithm 2 Acquire or Create Container

1: procedure GETCONTAINER(tS, out)
2 Lock containers _mtx

3 base < (ts + N) x N

4: for all (k, ctx) in active_map do
5: if k = base then

6 out < ctx

7 ctx.at < ctx.at + 1

8 ctx.tt + ctxtt+1

9 return SUCCESS

10: end if
11: end for

12: idx < NEXT

13: if idr < 0 then
14: return NO_CONTAINER

15: end if
16: ¢ + GEeT(idx)

17: SwaAPSTATE(c, EMPTY, WRITING)
18: ctr < INITNEWCONTEXT

19: active_map[base] < ctz
20: ctx.at <1, ctx.it<+1
21: out < ctx
22: return NEwW

23: end procedure

4. The Beamforming/Correlator Process

Once an aggregate of packets triggers the callback function, the data is transferred to the beamforming
pipeline. The beamforming pipeline and the callback operate asynchronously in an effort to reduce the
latency of releasing the container back to the DAQ system.

4.1. Beamforming Pipeline
The beamforming pipeline is composed from five main classes:

CudaContext
PipelineMemoryPool
BeamformingPipelineContext
BeamformingPipelineManager
PipelineAllocationDetails

AN e

The cudaContext handles low-level CUDA initialisation, setting up the environment for GPU
operations. The BeamformingPipelineContext, is responsible for initialising and coordinat-
ing all components of the pipeline. All interactions from the consumer side go through the
BeamformingPipelineContext, which serves as the main interface for consumers.

The PipelineMemoryPool manages memory allocations used to store both container input data
and the resulting beamformed output. It functions similarly to the ContainerPool, maintaining a list
of reusable buffers for efficient memory management.

The BeamformingPipelineManager controls the execution of the beamforming process. The
pipeline runs on a dedicated thread managed by this class. Data intended for processing is pushed onto
an atomic queue, which the beamforming thread polls routinely for new jobs. Upon retrieving a job,
the thread processes it asynchronously.



An instance of PipelineAllocationDetails stores pointers for the allocation used in GPU
beamforming including both host and device buffers. The host buffers are pinned memory allocations,
required because the pipeline executes asynchronously. As such, the data residing in the containers (as
populated by the DAQ) is first copied into host-side buffers and then asynchronously transferred to
the device buffers. Additionally, three CUDA events are initialised per instance to synchronise GPU
operations across three distinct CUDA streams.

4.2. Asynchronous Kernel Execution

Execution of the kernel is distributed across three different CUDA streams to amortise the cost of
copying data between the host and device. Synchronisation between the streams is orchestrated using
CUDA events associated with the memory allocations (represented as E1, E2, and E3 in Figure 6). Once
the output results have been successfully copied to the host, a callback is triggered to handle transferring
the data to the required destination.

4.3. Beamforming Kernel

The beamforming process is implemented as a matrix-vector multiplication involving N, antennas
and a coefficient matrix of size Ng x N,, producing N, beams per frequency channel. Each entry in
the coeflicient matrix combines a per-antenna, per-frequency calibration coefficient that corrects for
instrumental effects with a phase delay term that determines the beam pointing. The phase delay term
is obtained by passing a frequency-independent phase delay for each antenna and beam pointing, from
which the kernel computes the corresponding frequency-dependent phase delays. These frequency-
dependent delays are then combined with the per-antenna calibration coefficients, to generate the full
coeflicient matrix.

In this kernel, we adapt and extend previous approaches [30, 32] to improve the performance of beam
syntesisation. Computation is parallelised in three dimensions: time samples (x-dimension), frequency
channels (y-dimension), and beams (z-dimension). With the availability of larger device memory on
modern GPUs, we can scale parallelization further.

We restrict each computation block to process 32 time samples for the current maximum of 256
antennas, for a single channel and a single beam. The kernel supports unordered input data as provided
by the data reception component (Tile/TimeSample/Channel/Antenna), eliminating latency arising
from data reordering prior to beamforming.

This configuration requires 8 warps per block, with each warp leveraging warp-level intrinsics to
compute partial beams. Threads within a block collaboratively compute each beam in a monotonic
fashion, where each thread is responsible for the contribution of a single antenna across multiple time
samples. This eliminates the need for shared memory to store antenna coefficients, which are instead
held in thread-local registers. Shared memory is reserved solely for storing partial sums. The partial
sums for all 32 beams (8 partial sums per beam)—are then reduced by 8 threads. Each warp is assigned
the reduction of 4 beams using __shf1_down_sync operations for intra-warp communication.

Where applicable, fused multiply-add (FMA) instructions were employed to optimize floating-point
throughput and minimize numerical error during accumulation. The pseudocode for the beamforming
kernel is provided in Algorithm 3.

4.3.1. Beamforming Performance

Experimental benchmarks for the beamforming kernel were run inline with the requirements defined
for the first milestone, that is, 512 channels, 256 antennas and 256 beams. The number of time samples
for each channel were varied between 2048 and 32768 time samples. In all scenarios the kernel sustains
a 3x real-time speed-up. The results have been tabulated in Table 2. A detailed summary of the kernel’s
performance metrics is provided in Table 1.

While the beamforming kernel achieves faster-than-real-time execution for the current configuration,
increasing the timesample count to 65536, while maintaining the other parameters constant results in



Algorithm 3 Beamforming Kernel Pseudocode

1: Determine:

2: beam_idx < beam index

3: chan_idx < channel index
4: ts_block < time block index
5. ant_idx < antenna index

6: tile_idx < tile index

~

: Compute:
weight < delay_coef f - calibr_coef f

*

9: Collaborative Beamforming:
10: for all local time samples ¢ in block do

11: Get antenna Input input

12: contrib < weight - input

13: Perform warp-level reduction to sum contrib

14: if thread is warp leader then

15: Store result in shared memory at warp index
16: end if

17: end for

18: Synchronize all threads
19: for all thread group of size 8 do

20: Load partial sums from shared memory

21: Perform intra-group reduction using shuffle
22: if thread is group leader then

23: compute beam_power

24: output < clamp(beam_power)

25: Write output to output buffer

26: end if

27: end for

Test Device: NVIDIA L40S
Kernel compute utilisation  85%
Warp efficiency  100%
Shared memory throughput 170.27 GB/s
Major issue stall  No eligible warps (51.22%)
Issued instructions per cycle 1.95
Shared memory efficiency  50.1%
L2 Hit Rate 55.78%
L1/TEX Hit Rate  85.80%
FLOPS 81.77 TFLOPS/s

Table 1
Beamforming kernel performance analysis on NVIDIA L40S

GPU memory exhaustion. This limits the extent of to which we are able to increase the data volume
per GPU for improved utilisation. Therefore, although the beamformer operates with a performance
margin, memory constraints dictate the maximum manageable workload per GPU. This suggests that
further optimisation of the beamforming kernel, particularly in terms of memory efficiency, may
enable processing of larger time windows per GPU, thereby improving hardware utilisation. Exploring
alternative tiling strategies or memory layouts could help mitigate current memory constraints and
allow for increased throughput without exceeding GPU limits.



GPU Stages

Beamforming/Correlation Cycle

Request Memory Async Host to Device @ Async Beamforming
Allocation memcpy @ Kernel
A
|:. @ Post GPU
Async 3:::;& to Host| Processing
il Callback

Request Job

Request

PipelineMemoryPool| F,I?E,I,_efl,‘??a,w — Beamiorming Pipeline
Manager

Beamfiorming Context

Request PipelineAllocation

Callback ¥

N Copy Data to Pinned Submi for Processing. _____:
Memory

End of Callback

Figure 6: Beamforming/Correlation Cycle: The pipeline periodically checks for available data to beamform, if
found, the PipelineAllocation details are processed for beamforming. Callback triggered process: The callback
function (A) is triggered by the DAQ, which in turn passes a container. The callback function requests a memory
allocation from the PipelineMemoryPool and copies the data on the host memory allocation. The allocation
details are then submitted to the BeamformingPipelineManager for processing.

T;::‘e(-:s;::ﬂﬁs Duration (ms) | Acquisition Time (s) | Speedup
2048 214 0.66 3
4096 427 1.3 3x
8192 859 2.64 3x
16384 1737 5 3X
32768 3513.28 10.58 3x

Table 2
Beamforming kernel performance for 256 antennas, 256 beams and 512 channels at varied time-sample counts
per channel. In each case the kernel runs at a consistent 3x speedup over acquisition time.

4.4, Correlation Kernel

Cross-correlation is inherently a triangular computation problem, as it involves computing the outer
product of signals received from multiple antennas, resulting in a symmetric matrix. This symmetry can
be exploited to reduce redundant calculations, enabling various performance optimisations. A range
of hardware platforms, including FPGAs and GPUs, have been employed for cross-correlation tasks
[33, 34]. With the introduction of Tensor Cores, it is now possible to leverage high-throughput matrix
operations for this purpose [35]. However, utilising Tensor Cores typically requires reordering input
data into a matrix-compatible format, which can introduce pre-processing overheads that may offset
the performance benefits in some applications.

In our implementation, we adopt the hardware-managed strategy used by [36], which explicitly
leverages matrix symmetry to halve the number of required computations. Since only the upper (or
lower) triangular portion of the matrix needs to be computed, a primary challenge lies in determining



which products to evaluate and which to omit—without introducing warp divergence during execution.
To address this, we implement a two-level tiling strategy. The computation is decomposed into tiles and
register-level products: tiles define the 2D thread block structure, while registers manage the subset of
matrix entries computed by each thread. This approach ensures balanced workload distribution while
preserving high memory throughput. Additional implementation details can be found in [36].

We also developed a shared-memory-based version of the kernel that incorporates fused multiply-add
(FMA) operations and utilizes 3D textures to load the input data. This design allows for efficient memory
access and requires less arithmetic operations when determining and retrieving the antenna indices.
However, this imposes a limitation on the number of time samples that can be processed due to the
hardware limit of 3D textures (maximum dimensions of 16384x16384x16384). Consequently, this variant
currently supports a maximum of 16,384 time samples per cross-correlation pass. The shared-memory
implementation has not yet been fully benchmarked or optimised for the NVIDIA L40S GPU, and this
remains a subject of ongoing work.

4.4.1. Cross-Correlation Performance

The performance of the cross-correlation kernel was evaluated for various tile and register size combi-
nations. For every experimental run the kernel processed 16384 time samples, for 512 channels and 256
antennas. Each configuration was executed 10 times, and the average execution time was recorded.
The highest performance was observed with a tile size of 8 x 8 threads per block, where each thread
computed a single cross-correlation product. Under this configuration the kernel takes ~245ms, which
is 23x faster than the expected data throughput for 256 antennas. A detailed summary of the kernel’s
performance metrics is provided in Table 3.

Test Device: NVIDIA L40S

Kernel compute utilisation >90%
Warp efficiency  100%
Memory throughput  45.43%
Major issue stall  No eligible warps (51.68%)
Issued instructions per cycle  1.93
L2 Cache Hit Rate  99.93%
L1/TEX Hit Rate  29.29%

FLOPS

289.3 TFLOPS/s

Table 3
Correlation kernel metrics for when profiled on the L40S

While the cross-correlation kernel executes approximately 23x faster than the real-time data rate
for 256 antennas and 512 channels, this performance headroom allows flexibility in processing larger
antenna arrays or higher channel resolutions, or alternatively, reducing the number of GPUs/servers
required. However, this trade-off is constrained by the total incoming data bandwidth, which must
be carefully balanced against GPU compute utilisation. Further analysis is needed to determine the
optimal configuration that minimizes hardware usage while satisfying real-time constraints.

5. Transmission of Beams

The GPU stages outlined in Figure 2 operate across multiple servers (two GPUs per server), with each
GPU responsible for processing a subset of the total channel count. The synthesised beams must then
be transmitted downstream to the FRB pipeline for processing.

To maintain correct data alignment and timing, all components in the processing pipeline must
operate synchronously: the FRB pipeline should begin processing only after it has received beam data
from all beamforming pipelines. Transmission between the GPU pipelines and the FRB pipeline will
occur via RDMA, a zero-copy mechanism that allows direct memory access between remote nodes,
minimizing transfer latency and CPU overheads.
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events and trigger processing once all required data has been received, subsequently pushing the data
to the FRB pipeline. Right: Orchestration without Redis. The Gatekeeper directly coordinates between
the GPU clusters and the FRB pipeline, acting as a lightweight broker.



This tight synchronisation requires orchestration between the GPU stages and the FRB process.
Specifically, GPU pipelines must be aware of the memory allocations on the FRB pipeline (e.g., remote
buffer addresses and RDMA keys), while the FRB pipeline must be notified precisely when a complete
set of beams for a given batch (identified by a timestamp) has arrived and is ready for processing.

To manage this, an orchestration mechanism will be implemented using a publisher/subscriber
(PUB/SUB) coordination model, where each GPU acts as a publisher and the FRB pipeline as the
sole subscriber. A central orchestration process, referred to as the Gatekeeper, will oversee this
synchronisation. The gatekeeper will handle Redis-based PUB/SUB setup across all GPU pipelines,
as well as auxiliary tasks such as RDMA remote key distribution and session initialisation. The
orchestration flow detailed above is summarised in the left diagram of Figure 8.

For the RDMA transport layer we will employ Libfabric [37], which provides a high-performance
messaging and memory access API suitable for our low-latency needs. Initially, Redis will be used
to manage PUB/SUB event notifications between the GPUs and the FRB pipeline. However, if Redis
introduces unacceptable latency or syncrhonisation overheads, we will extend the gatekeeper’s role to
direct coordination between the parties involved. This orchestration flow is summarised in the right
diagram of Figure 8. In this case, Redis will be replaced by a custom, low-level messaging mechanism,
such as, RDMA-based signaling or tagged messages to efficiently manage readiness tracking and
processing triggers.

One important consideration is network saturation or congestion which can affect message delivery
latency. To mitigate this, care must be taken to isolate control signaling from the RDMA network
channels.

6. Conclusion

We presented the ongoing development of a high-performance, real-time FRB detection pipeline for the
upgraded Northern Cross Radio Telescope. This work details key architectural components, including
a scalable and efficient data acquisition system, a GPU-accelerated beamforming and correlation
backend, and suggests a transmission orchestration framework based on RDMA and Redis PUB/SUB
synchronisation.

Although the complete end-to-end pipeline is still under integration, several core components have
been successfully implemented and benchmarked. These include the high-throughput data reception
and buffering system, which supports multi-producer, multi-consumer packet processing with low
latency, and GPU kernels for beamforming and correlation that achieve 3x and 23x speedups over
real-time acquisition rates, respectively, for current configuration targets.

The hypothesised orchestration layer should enable synchronised data delivery across heterogeneous
compute environments, ensuring that FRB pipeline processes valid data batches. A central gatekeeper
process facilitates RDMA resource allocation and coordination, laying the groundwork for reliable and
scalable system orchestration.

Future work will focus on completing the integration of the entire processing chain, scaling the system
to full instrument bandwidth and antenna count, verification of output, and incremental commissioning
once the instrument is available, and the digital backend is ready.
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