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Abstract

A Julia package is currently being developed to model
the digital signal processing operations in correlator-
beamformers (CBFs) used in modern radio telescopes. This
package includes a library of configurable functions that
simulate the signal processing operations of key CBF com-
ponents, such as channelizers, tunable filters, resamplers,
beamformers and cross-correlators. Additionally, it is to
include test signal generators and auxiliary functions to de-
tect radio frequency interference (RFI) and to flag or excise
contaminated data. This package supports multiple numer-
ical formats, including several low-precision floating-point
formats. The key signal processing functions in this pack-
age are being optimized to exploit the available hardware
resources to achieve faster processing.

1 Introduction

The development of the signal processing systems, the
correlator-beamformers (CBFs) for modern radio tele-
scopes, e.g. the Square Kilometre Array (SKA), the
Atacama Large Millimeter/sub-millimeter Array (ALMA)
observatory and the next-generation Very Large Array
(ngVLA), rely heavily on the interoperability of multiple
sophisticated signal processing systems [1]. With budgets
in the range of hundreds of millions of dollars, it is impor-
tant to identify the potential shortcomings of the design of
the CBFs as early as possible. Hence, the end-to-end mod-
els of CBFs can play a pivotal role in ensuring the success
of the next-generation radio telescopes.

One of the most important aspects of the design of the
correlator-beamformers is to make sure the desired sensi-
tivities can be achieved with the planned system. By simu-
lating the entire signal chain, these models help ensure that
the system can achieve its desired sensitivity and resolu-
tion, which is critical for detecting faint celestial signals
and resolving fine details in astronomical observations [2,
3]. End-to-end models also enable the optimization of sig-
nal processing algorithms and the identification of poten-
tial issues. This is particularly important for mitigating the
effects of Radio Frequency Interference (RFI) and ensur-
ing system reliability [2]. By simulating various scenarios,
including different observational modes and environmental
conditions, designers can refine their systems to perform

optimally under a range of conditions. Modern radio tele-
scopes are highly complex systems involving up to thou-
sands of receivers, extensive data networks, and sophisti-
cated software. The end-to-end models can help manage
this complexity by providing a comprehensive framework
for understanding how different modules interact and af-
fect overall system performance. This is essential for di-
agnosing and resolving issues during the development and
deployment phases.

End-to-end models for the SKA Mid.CBF and Low.CBF
has been developed using MATLAB [2, 3] and has been
used in evaluating the performance of the proposed signal
processing architecture [4] and robustness against RFI [5,
6]. It has been found sharing these MATLAB models is
not that convenient due to stringent licensing requirements.
This hinders collaboration among developers.

The Julia programming language aims to solve the ’two-
language’ problem by achieving both productivity and per-
formance within a single implementation for most scientific
computation projects [7]. It utilizes dynamic compilation
and multiple-dispatch functions to optimize performance.
Since its inception in 2012, the open-source programming
language Julia has facilitated a robust, built-in package
management system that allows easy collaboration among
developers. Over the years, it has gained many devoted de-
velopers in various branches of science, mathematics, engi-
neering, and finance. Julia’s package ecosystem continues
to grow, providing a wide range of tools for the public use
and enhancement [8]. Further, Julia’s "multiple dispatch"
feature is one of the main reasons for its effectiveness in
scientific computing enabling functions to adapt their be-
havior based on the types of all their arguments, fostering
highly expressive and flexible code that naturally handles
diverse scientific data that facilitates straightforward exten-
sion of existing functions to new data types without altering
the original code.

2 Test Signal Generation

One of the most important aspects of verifying any signal
processing system is the generation of test signals that ac-
curately reflect the characteristics being evaluated. For in-
stance, a simple test signal, such as a single tone (i.e., a
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sinusoid), can be used to verify the functionality of a chan-
nelizer. In this case, the output power of each channel is
recorded to ensure that the expected levels are achieved.
Conversely, when testing how the end-to-end signal chain
of a CBF responds to strong, time-varying RFI, the test sig-
nals can become significantly more complex. An example
of this is the train of Distance Measuring Equipment (DME)
pulses emitted by an aircraft flying over a radio astronomy
receiver [9]. Generating test signals for this scenario re-
quires careful selection of several parameters, including the
antenna pattern, observation frequency range, position and
velocity of the aircraft, and specific DME parameters such
as emitted power, operation frequency, pulse profile, and
pulse repetition period.

In terms of the end-to-end modeling of a CBF facilitating
aperture synthesis imaging, it requires the generation of
"coherent" wideband test signals with time-varying delay
that corresponds to the rotation of the Earth [2]. In [10] it
has been shown that an efficient method based on the chirp-
z transform (CZT) is used to generate wideband coherent
pseudo-random test signals with approximated piece-wise
linear delay for verifying the CBF signal chains. More-
over, efficient implementations of "approximations" to non-
uniform discrete Fourier transform at arbitrary precision,
for example, "FINUFFT" [11], offers a more straightfor-
ward way to generate coherent wideband test signals with
time-varying delays. Note that this technique also allows
the modeling of non-idealities such as sample-time jitter.
The "NFFT.jl" [12] package offers a native Julia implemen-
tation for FINUFFT whereas the two Julia packages "FIN-
UFFT.jl" [13] and "NonuniformFFTs.jl" [14], provide the
functionality through wrappers.

The performance and the accuracy of non-uniform FFT
evaluations carried out using functions of the above pack-
ages have been estimated and listed in Table 1. The in-
put Xk = e j2πrk contains Nk = 216 spectral components at
uniform intervals ωk ∈ (−π : 2π/Nk : π − 2π/Nk) having
Uniform-distributed rk. The signal values are evaluated at
random points tn ∈ (0 : 1 : Nk − 1) + 0.02rand(Nk). For
each package, the average time for the computation has
been evaluated using the macros provided in the "Bench-
markTools.jl" Julia package. The accuracy of the evalua-
tions is also calculated compared to the direct evaluation of
xn =∑k Xke jωktn . The normalized rms error between each of
the non-uniform FFT evaluations and the direct evaluation
are listed in Table 1. Note that the direct evaluation takes
around 198 seconds.

3 Signal Processing in Channelizers

As given in [2, 3], the key components for CBFs include
channelizers, tunable filters, resamplers, beamformers and
cross-correlators. The following outlines the interface and
verification of the functionality of oversampled polyphase
filter banks (OSPFBs) as a representation of the signal pro-
cessing modules used in CBFs.

Table 1. The bench marked evaluation times for 216 sam-
ples and rms error compared to the direct evaluation.

Package Eval-Time (s) Norm-Error
NFFT.jl 0.017644 1.9675×10−9

FINUFFT.jl 0.033506 1.2333×10−8

NonuniformFFTs.jl 0.014122 1.9201×10−7

FINUFFT* 0.561047 1.3823×10−9

*MATLAB implementation

Channelizers segment the input spectrum into multiple
channels of equal bandwidths [15]-Ch06, -Ch09. In
Mid.CBF [2] and Low.CBF [3], two main types of chan-
nelizers are employed. The first type employs OSPFBs,
which leverage oversampling to achieve aliasing suppres-
sion at arbitrary levels at the expense of higher compu-
tational complexity [15]-Ch09. The second type is based
on the critically-sampled polyphase filter banks (CSPFBs)
[15]-Ch06. In the Julia package, both these types have been
implemented as configurable Julia functions.

The function that evaluates the OSPFB outputs requires the
following configuration parameters; 1) the number of chan-
nels (Nc), 2) the commutator length (CL), 3) the rotation
step (RSt) and 4) the filter coefficients ({h(n)}). In Julia,
it is convenient to arrange all these parameters into an im-
mutable structure and pass it to the function. Conversely,
the function that evaluates the CSPFB outputs only two pa-
rameters; 1) the number of channels (Nc) and 2) the filter
coefficients ({h(n)}). Also, Julia’s multiple dispatch fea-
ture has been exploited to compose four optimized imple-
mentations of the OSPFB function that process either real-
valued or complex-valued inputs with polyphase filters with
either real-valued or complex-valued filter coefficients.

The OSPFB function has been verified with numerical sim-
ulations that employ test signals synthesized with collec-
tions of sinusoids with known magnitudes and phases. The
objective is to compare the magnitude and the phase of the
input sinusoid for a given frequency with the magnitude
and phase of the corresponding sinusoid in the channel into
which the input frequency falls. Note that the magnitude
variation due to the passband ripple of the frequency re-
sponse has to be compensated before the comparison. For
demonstration, the spectra of the test signals are comprised
of uniformly spaced sinusoids each having unit magnitude,
with their phases distributed uniformly, as in Section 2. The
real-valued test signals are generated using the Fast Fourier
Transform (FFT) method. These test signals are processed
with the OSPFB function configured with Nc = 20, CL= 18
and RSt = 2. In the top-row of Figure 1, the magnitude and
phase spectra of the input that is segmented into 30 chan-
nels are indicated in red-solid lines, along with the result-
ing channels of the OSPFB function are indicated in blue-
dashed lines.

The bottom-row of Figure 1 shows the difference between
the input and output magnitude and phase spectra after cor-
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Figure 1. Top Row : The magnitude (a) and phase (b) spec-
tra of the 30 output channels, after gain corrections (Blue :
Dashed) and the corresponding input magnitude and phase
spectra (Red : Solid). Bottom Row : Differences between
segmented input and output magnitude (c) and phase (d)
spectra.

recting for passband ripple. Note that to align the input
and output phase spectra, the output sample sequences must
be shifted to account for the propagation delay through the
polyphase filters [15]-Ch06. The close agreements between
input and output spectra for both magnitude and phase in-
dicate the OSPFB function is correctly implemented.

Low-precision floating-point formats, i.e.Float16, BFloat16
and TensorFloat32, are being supported by hardware man-
ufacturers such as Altera, AMD-Xilinx and NVIDIA in the
latest FPGAs and GPUs [16]. Also, the novel floating-point
number formats; 1) Positis [17] and 2) Takums [18], claim
to ’beat’ the performance floating-point with a fewer num-
ber of bits. Julia allows straight forward comparison of
the accuracy achieved by the OSPFB function where both
data and coefficients represented these floating-point for-
mats. In Figure 2, the errors in magnitude and phase for
the input and output signal spectra of the OSPFB function
achieved with the Float16 (First Row), the Posit16 Second
Row, the LinearTakum16 Third Row and the TensorFloat32
Forth Row, of Figure 2, respectively. Note that the variation
in the magnitude and phase error for different channels re-
veals the non-uniform contribution of rounding errors in the
FFT operation within the OSPFB function.

4 Discussion

It is realized that the Julia programming language is a good
platform to develop and validate advanced signal process-
ing systems for CBFs in modern radio telescopes. A com-
prehensive Julia package is being developed that consists of

Figure 2. Differences between segmented input and output
magnitude and phase spectra for OSPFB function evaluated
with the Float16 First Row, the Posit16 [17] Second Row,
the LinearTakum16 [18] Third Row and the TensorFloat32
Forth Row, respectively.

various Julia functions to efficiently perform key signal pro-
cessing operations, including channelization, tunable filter-
ing, resampling, beamforming, and cross-correlation. This
Julia package also features specialized functions to gener-
ate test signals with time-varying delays that simulate the
effects of Earth’s rotation. Further, functions to detect RFI
and flag affected data are being developed.

The increasing number of Julia packages enriches the tools
available for data processing and visualization, provid-
ing the users with many options to optimize. For in-
stance, at least three robust packages provide efficient im-
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plementations of the non-uniform discrete Fourier trans-
form (NUFFT), optimized for both CPU and GPU imple-
mentations while meeting different levels of accuracy and
achieving different throughput. Julia’s modularity enables
the integration of functions that handle multiple data types
with minimal changes, facilitating a straightforward way to
evaluate performances. However, there is still an oppor-
tunity to enhance the speed and quality of Julia’s plotting
features.
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