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Abstract

We present the design and initial testing of a low-frequency radio telescope prototype developed for the Colombian Antarctic Telescope for
21-cm Absorption during Reionization (CANTAR) experiment. Operating from 100 to 200 MHz, the system integrates a blade dipole antenna
inspired by the EDGES high-band design with a software-defined radio (SDR) receiver. We report simulations of antenna impedance
and beam chromaticity, along with SDR performance tests (Limenet Mini, Ettus E310, and USRP2920). A dual-stage low-noise amplifier
reduces the system temperature, enabling foreground-sensitive observations. Radiometric estimates suggest that sub-mK sensitivity is
achievable with 1000 h of integration. This prototype is part of Colombia’s emerging infrastructure for 21-cm cosmology, with deployments
planned at low-RFI sites in the Colombian Andes and Antarctica.

Resumen

Presentamos el disefio y pruebas de un prototipo de radiotelescopio de baja frecuencia para el experimento Colombian Antarctic Telescope
for 21-cm Absorption during Reionization (CANTAR). El sistema opera entre 100 y 200 MHz, y combina una antena blade dipolo, inspirada
en el disefio de EDGES high-band, con un receptor basado en un receptor de radio definido por software (SDR). Reportamos simulaciones
de impedancia y cromaticidad del haz de la antena, junto con pruebas de desempefio de varios SDRs (Limenet Mini, Ettus E310,
USRP2920). Un amplificador de bajo ruido de dos etapas reduce la temperatura del sistema, permitiendo observaciones sensibles a la
emision de fuentes del primer plano. Estimaciones radiométricas indican que es posible alcanzar sensibilidad de sub-mK con 1000 h de
integracion. Este prototipo es parte de la infraestructura emergente en Colombia para cosmologia de 21 cm, con campanas planeadas en
sitios de baja interferencia de radiofrecuencia (RFI) en los Andes Colombianos y la Antartida.
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1. Introduction & Ali, 2004), with an amplitude of ~100-200mK and a width of

. . . . ~10MHz, depending on the astrophysical heating history.
The redshifted 21-cm line of neutral hydrogen provides a unique

observational window into the thermal and ionization histories
of the early universe. In particular, measurements of the global
(sky-averaged) 21-cm signal can probe the Cosmic Dawn and the
Epoch of Reionization (EoR) (Barkana & Loeb, 2005; Furlanetto
et al., 2006; Mozdzen et al., 2016). During this period, the first
luminous sources coupled the hydrogen spin temperature to the
kinetic temperature of the gas via the Wouthuysen-Field effect,
producing an absorption signature in the 21-cm line against the
cosmic microwave background (CMB) (Costa et al., 2018). The
frequency range corresponding to this evolution lies between
approximately 40 and 200MHz for redshifts 6 < z <30 (Bharadwaj

This signal is embedded in a sky dominated by bright galactic
synchrotron emissions and extragalactic foregrounds that are
several orders of magnitude stronger (~ 10° — 10* K). Its detection
requires strict control over instrumental systematics, including
beam chromaticity, impedance mismatches, and thermal gain
variations (Bowman et al., 2009; Bernardi et al., 2016; Monsalve
et al.,, 2017; Cheng et al., 2018; Restrepo et al., 2023). The
controversial EDGES detection of an absorption feature at 78 MHz
(Bowman et al., 2018), with an amplitude exceeding theoretical
expectations, has renewed interest in independent validation and
motivated a new generation of experiments (Monsalve et al., 2024).
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Most global 21-cm efforts use single-element radiometers with
fixed, analog backends. These include EDGES, SARAS (Singh
et al., 2018), PRIZM (Philip et al., 2019), REACH (de Lera Acedo
et al., 2022), BIGHORNS (Sokolowski et al., 2015). Although
they differ in calibration approach, antenna type, and beam
chromaticity control, they share the goal of suppressing the
spectral structure in the instrument response. Interferometric
arrays such as HERA (DeBoer et al., 2017), LEDA (Price et al.,
2018), and LOFAR (Ghara et al., 2025) pursue complementary
spatially resolved 21-cm measurements.

In this context, we present the design and initial testing of
a modular low-frequency radio telescope prototype developed
at the Universidad Industrial de Santander (UIS). The system
combines a blade dipole antenna, modeled after the EDGES high-
band design, with a reconfigurable software-defined radio (SDR)
receiver chain (i.e., SDR based).

Unlike purpose-built analog backends, SDRs provide flexibility
and rapid prototyping capabilities in radio science applications but
raise concerns about spectral fidelity owing to the ADC resolution,
phase noise, clock instability, and internal filtering (Feng et al.,
2021; Ragoomundun & Beeharry, 2019; Keller et al., 2015). One
aim of this study was to quantify these limitations and assess
whether SDRs can serve as viable alternatives for radiometer-
based 21-cm cosmology when combined with analog filtering and
appropriate calibration strategies.

We also present electromagnetic simulations of the antenna,
including S;; and beam chromaticity analyses, as well as in-
situ measurements of the gain, sensitivity, and linearity for
different SDR devices. We evaluated the dynamic range and
noise temperature of the system under different preamplifier
configurations and explored its response to controlled input
signals. Although this prototype does not yet attempt sky
signal extraction, it establishes a path toward future foreground
characterization and calibration.

This prototype is the first instrument developed under the
CANTAR initiative (Colombian Antarctic Telescope for 21-cm
Absorption during Reionization), a long-term effort to design, test,
and deploy low-frequency radiometers for global signal studies
in low-RFI environments. CANTAR combines electromagnetic
modeling and optimization with the development of novel analog
and digital systems. It also features a robust Bayesian signal
extraction and validation pipeline, as well as comprehensive
site testing. Future deployments are planned for high-altitude
locations in the Colombian Andes, as well as in Antarctica as
part of the Programa Radioastrondmico Antartico Colombiano
(PRACQ).

The remainder of this paper is organized as follows: §2
describes the system architecture, including the antenna design,
SDR receiver configuration, and measurement setup. §3 presents
the results from electromagnetic simulations, SDR performance
tests, and in-situ measurements. In §4, we discuss the comparison
between the simulations and measurements and assess the
prototype’s performance relative to other 21-cm experiments. §5
outlines future work and §6 summarizes our main findings and
conclusions.

2. Methods

2.1. System Requirements

The design of the prototype system presented here is guided by
constraints common to global 21-cm signal experiments, such
as suppressing spectral structure in the system response and
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Figure 1. Subsystems of the radiotelescope to be validated.

achieving wideband impedance matching. While the antenna
does not require high spatial resolution, it must provide maximum
gain at the zenith and maintain a return loss better than 10 dB,
gain between 10-30 dB, and a noise figure below 4 dB (Restrepo
et al., 2023). Table 1 summarizes the relevant characteristics of
comparable global-signal experiments.

At frequencies below 100 MHz, ionospheric refraction and
absorption add further spectral complexity. These effects were
not directly addressed in this study but must be accounted for in
future long-duration deployments (Mora et al., in prep).

2.2. Role of SDR Technology

Software-defined radios (SDRs) provide a reconfigurable, low-
cost backend with tunable sampling rates, bandwidths, and gain.
Despite their widespread use in RFI monitoring and radiometry
(Keller et al., 2015; Vacaliuc et al., 2011), SDRs remain underused
in global 21-cm experiments because of their limited dynamic
range, internal filtering stages, and susceptibility to quantization
and clock drift artifacts.

In this study, we evaluated two commercially available SDRs,
LimeNet Mini and Ettus E310, under conditions relevant to low-
frequency radiometry. Both support open-source tools (GNU
Radio, UHD) and are capable of tuning across the 100-200 MHz
range. We assessed the suitability of each device through
controlled signal injection, focusing on gain linearity, spectral
flatness, and noise floor stability.

2.3. Radiotelescope System Description

Our prototype follows a modular design that combines a
broadband blade dipole antenna, flexible analog front end, and
SDR-based digital receiver. Although the antenna and ground
plane geometry are inspired by the EDGES high-band system,
our implementation introduces SDR-based signal processing and
open-source data acquisition, allowing rapid reconfiguration and
field deployment.

The system comprises three main subsystems: (1) a blade
antenna mounted over a wire-mesh ground plane, (2) an analog
front end including a balun and cascaded LNAs, and (3) a digital
backend based on commercial SDRs, with acquisition scripts
tailored for the platform in use. A system diagram is presented in
Figure 1.

2.3.1. Antenna and Ground Plane

The antenna is a single-polarization blade dipole constructed
from two aluminum plates mounted above a reflective ground
plane. Its geometry is based on the high-band design used in the
EDGES experiment, optimized for the 100-200 MHz frequency
range following the Particle Swarm Optimization (PSO) scheme
in (Restrepo et al., 2023). The dipole elements measure 62.5x48.1
cm and are positioned 52 cm above the ground, supported by a
polystyrene structure chosen for its low dielectric constant and
ease of fabrication (see Figure 2).
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Table 1. Comparison between 21-cm cosmology experiments

Frequen Antenna Use of
System quency Calibration scheme
range (MHz) type balun
SARAS2 40-200 spheric monopole no coupled noise source
100-200 antenna and noise source
EDGES blade yes .
50-100 commutation
antenna and reference source
BIGHORNS 70-200 cone log-spiral yes .
commutation
antenna, 50 and 100 Ohms
SCI-HI 40-130 hibiscus yes loads and short terminal
commutation
antenna and noise
double . .
o source commutation combined
LEDA 40-85 polarization yes . .
. with cross-correlation
dipole
of other antennas
reference source calibration
MIST 40-125 blade dipole yes . . .
and soil calibration
copper plate

¥ isolator

- alumina blade
g aem 48.4x 62.6 X 0.6 ¢m
copper__| I=— copper pipe
pipe Lk om
S52cm
SMA
female ground plane

Figure 2. 100-200 MHz blade antenna. Schematic of the antenna (left),
blade antenna in-situ at Paramo de Berlin (right).

The ground plane consisted of a central 1.3x1 m aluminum
sheet, extended using wire mesh panels to a final area of 5x5
m. Although the initial simulations used only the solid plate, all
measurements were performed with the fully extended plane,
minimizing edge diffraction and reducing ground reflection
systematics. Although this ground configuration is relatively
modest compared to those used in experiments targeting precision
spectral calibration, it represents a practical compromise for the
prototyping phase.

A Roberts (or Collins) balun (Rogers, 2012) connects the
balanced dipole to an unbalanced coaxial transmission line. This
balun consists of two copper tubes and a sliding tuning plate,
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which allows for the mechanical adjustment of the electrical
length and impedance match. The resonant frequency and
bandwidth of the antenna can be shifted by varying the tuner
height. A metal enclosure was added to suppress the common-
mode currents along the feed structure. The output port is a
standard SMA connector, which is located at the balun base.

2.3.2. Receiver Architecture and SDR Integration

The receiver chain is built around commercially available SDR
hardware. The primary units evaluated in this study were the
LimeNet Mini, Ettus E310, and USRP 2920. These were selected
for their support of GNU Radio integration, capacity to digitize
signals within the 100-200 MHz band, and configurability in
terms of gain, bandwidth, and sampling parameters. Each SDR
was tested under controlled signal injection to characterize its
linearity, sensitivity and spectral response.

The analog front end includes one or two stages of low-noise
amplification, depending on the configuration, with optional
filtering. The tests were performed using commercially available
mini-circuit LNAs (ZX60-P103LN+) and bias tees. Additional
filtering stages are being developed to reduce the out-of-band
RFI and suppress the system gain variation near the band edges.
Different gain settings were explored to assess the interplay
between the amplifier noise temperature, SDR quantization
effects, and system linearity.

2.4. Signal Processing and Software Architecture

The digital processing pipeline was implemented using the GNU
Radio. A base flow graph was constructed using SDR source
blocks, configurable gain and bandwidth parameters, and a file
sink for raw data output. Each acquisition consists of a set of
overlapping frequency windows, each spanning 16 MHz, stitched
together to cover the full 100-212 MHz band. The overlap between
adjacent windows allows for the detection and removal of edge
artifacts owing to digital filtering.

Python scripts were written to parse the raw binary output,
assign frequencies, and construct the power spectra for each
band segment. The software supports flexible gain-averaging
and FFT configurations. Optional real-time smoothing using
Savitzky-Golay filters was implemented as a testbed for future
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RFI rejection and dynamic compression strategies. Although data
processing was performed o ine for the results presented here,
the pipeline supports near-real-time visualization, which is useful
for system monitoring and on-site deployment.

Preliminary data are stored in structured directories organized
by the acquisition date and SDR type. The system is compatible
with both Linux-based embedded platforms (as in the case of
Ettus E310 and LimeNet Mini) and external laptops interfaced
via USB or Ethernet. All acquisition routines were designed to
be portable and easily adapted to other SDR models or front-end
con gurations*.

Two software packages were built, one for use with the Limenet
mini (lime_eor ) and the other for the Ettus E310 ¢tus_eor ).
Each main folder contains the same le structure butis con gured
for each SDR separately. Taking the Ettus folder as an example,
it contains three les with .py extension and two folders, data
and graphics.

The data acquisition and processing work ow relies on a set of
Python scripts developed around the owgraph outputs of GNU
Radio. Figure 3 shows a diagram of the software architecture
implemented. Three main scripts structure the pipeline.

python_graficas_2.py is an auto-generated script
produced by the GNU Radio based on the implemented
owgraph. It de nes the SDR con guration, sampling
parameters, and data sinks for the binary output.
dataGNU.py processes the binary output produced by the
SDR. It extracts the center frequency (typically 108 MHz) and
de nes the sampling rate (16 MS/s), resulting in a 16 MHz
display bandwidth with an FFT size of 6144. The script
parses the raw.bin le using numpy reshapes the data into
power spectra, and generates frequency-calibrated plots. The
frequency axes, power scaling, and display parameters were
set programmatically, enabling batch visualization of the
spectral segments.

tomaDatosRFIl.py automates the full-band acquisition by
iterating over six center frequencies to cover the 100
212 MHz range in overlapping 16 MHz windows. For each
window, the script generated spectrum plots and stored
them in timestamped subdirectories. It also creates axt

le containing the raw numerical data for post-processing.
At the end of each run, the center frequency was reset
to 108 MHz to ensure consistency. A companion script,
multiplesTomasRFI.py , allows repeated acquisitions over
con gurable time intervals to monitor RFI variability.

2.5. Antenna simulations

We performed electromagnetic simulations of the antenna using
Ansys HFSS to characterize its re ection coe cient (S;;) and
beam chromaticity across the 100 200 MHz band. The model
geometry matched the constructed blade dipole described in the
previous section, including the feed gap, plate dimensions, and
elevation above the ground. Chromaticity was evaluated in the
principal planes =0 Y and =90 Y, which is consistent with the
expected sky coverage.

To reduce computational complexity, the simulated ground
plane was limited to the central 1.3 m* 1.0 m aluminum sheet,
excluding the full 5m < 5 m wire mesh used in the physical system.
This simpli cation may introduce minor discrepancies in the low-
frequency edge of the band, where the extent of the ground plane
has a greater impact on the impedance and beam structure.

1The algorithms were developed by Ronal Sebastian Buitrago Parra, Yeison Andrés
Quiroga Malambo, Brayan Nicolas Suarez Mongui, and Felipe P. Mosquera.
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Figure 3. Software architecture using GNU Radio.

Simulations were used to guide balun tuner optimization
and establish baseline expectations for matching and spectral
smoothness, informing both mechanical construction and post-
fabrication calibration strategies.

3. Results

This section presents the system-level performance metrics
derived from the simulated and measured components, including
the antenna S-parameters, chromaticity, e ective antenna
area, source brightness temperature, and total system noise
temperature under various preampli er con gurations. We also
present the experimental validation of the antenna and receiver
subsystems, including in situ measurements of the antenna
impedance response, laboratory tests of SDR performance, and
gain characterization of the low-noise ampli ers (LNAs). Finally,
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Table 2. Blade antenna §; parameter simulation results

Quantity 7.5cm 12.5cm 22.5cm 32.5cm 45.5cm
Minimum frequency @-10dB (MHz) 100 100 100 100 145
Maximum frequency @-10dB (MHz) 147 150 157 170 200
Bandwidth (BW) (MHz) 447 50 57 70 55
Minimum gain (dB) -16.85 -17.98 -21.25 -28.54 -27.24
Frequency @ min. gain (MHz) 122 123 130 139 169

Figure 4. S;; simulations for the blade antenna considering 5 balun
heights.

we evaluated the response of the SDR receivers in terms of linearity
and noise levels.

3.1. S;; Response

There ection coe cient S;; was simulated for ve di erent balun
tuner heights by varying the e ective electrical length of the
antenna feed. These heights, ranging from 7.5 to 42.5 cm above
the balun base, were selected to explore the tuning e ects across
the 100 200 MHz band (see Table 2). The frequency range where
Si; <*10 dB was considered the operational bandwidth in each
case. Figure 4 illustrates the behavior of the blade antenna as it
iterates between di erent balun tuner heights.

The results show that lower balun heights favor a atter
response near 100 MHz, whereas higher heights shift the
resonance toward the upper band edge. The widest matched
bandwidth was obtained at 32.5 cm, withS;; < *10 dB across
100 170 MHz. The peak re ection minima reached values below
*25 dB in several con gurations, indicating a good impedance
match in those regions. These trends informed the selection of
the tuner heights during the measurements (see VY 5).

3.2. Beam Chromaticity

To assess the beam chromaticity, far- eld gain patterns were
simulated as a function of frequency at a xed balun height of
22.5¢cm. Cutsat =0 Y and =90 Y were extracted over the 100
200 MHz range. The results of the chromaticity simulations for the
blade antenna (with balun) are shown in Figure 5. The chromatic
response was characterized by tracking the gain variation at each
elevation angle as a function of the frequency and calculating the
di erential gain relative to a xed reference frequency.

In both planes, the antenna exhibited reduced chromatic
variation at the zenith and increased variation near the horizon,
as expected. For = 0 ¥, the gain variation below 20 elevation
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Figure 5. Blade antenna chromaticity simulation for a balun height @
22.5 cm. Gain change forthe =0 (leftyand =90 ¥ (right) planes.

exceeds 3 dB over the band, whereas at higher elevations, it
remains relatively at. For = 907, the behavior is broadly
similar, with the smoothest region occurring between 60 and
the zenith. These results are consistent with the expectations for
a blade dipole and suggest that the antenna is su ciently stable
for beam modeling and calibration, especially if zenith-pointing
observations are prioritized (Restrepo et al., 2023).

Table 3 summarizes the simulated bandwidth and re ection
minima for each balun tuner height. Although the simulations
neglect ground screen extensions and lossy soil e ects, they
provide a useful reference for interpreting the measured response
and guiding balun adjustments during eld deployment.

3.3. System Characterization Measurements

We conducted system characterization measurements to quantify
the system behavior across the 100 200 MHz band and identify
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Table 3. Simulated S;; parameters for di erent balun heights

Parameter 7.5cm 12.5cm 22.5cm 32.5¢cm 42.5cm
Min freq. @ S;; <-10 dB (MHz) 100 100 100 100 145
Max freq. @ S; <-10 dB (MHz) 147 150 157 170 200
Bandwidth (MHz) 47 50 57 70 55
Min S;; (dB) *16:85 *17:98 *21:25 *28:54 *27:24
Freq. @ Min §; (MHz) 122 123 130 139 169
Table 4. Measured S, parameters for di erent balun tuner heights
Parameter 7.5cm 12.5cm 22.5cm 32.5cm 45.5cm
Min freq. @ S;; < *10 dB (MHz) 112 112 111 111 117
Max freq. @ §; < *10 dB (MHz) 145 149 158 166 179
Bandwidth (MHz) 33 37 a7 55 62
Min S;; (dB) *15:81 *16:50 *19:72 *41:91 *28:45
Freq. @ Min §; (MHz) 126 124 124 126 161

Figure 6. S;1 VNA measurements considering di erent balun tuner

heights.

con gurations that minimize instrumental contributions to the
overall system temperature.

3.3.1. Antenna Re ection Measurements

The antenna re ection coe cient S;; was measured on-site at
the Paramo de Berlin using a Keysight FieldFox N9914A vector
network analyzer (VNA) operating from 30 kHz to 6.5 GHz.
As in the simulations, ve balun tuner heights were tested to
evaluate the impact of the electrical length on the impedance
match. Figure 2 shows the antenna design.

Figure 6 shows the measured,, curves for the di erent balun
heights. The results are summarized in Table 4, which includes
the matched frequency range $;; < *10 dB), total bandwidth,
minimum re ection, and the frequency of minimum return loss.

The measured bandwidths and re ection minima showed
good agreement with the HFSS simulations, with minor shifts
attributable to the real ground conditions and the extended mesh
ground plane not included in the simulation model. The deepest
match was achieved at 32.5 cm, which is consistent with the
simulation predictions.
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3.3.2. SDR Linearity and Sensitivity

To evaluate the dynamic range and sensitivity of the SDR
receivers, we performed controlled signal injection tests using
a calibrated RF signal generator (Marconi 2023A, maximum
additional uncertainty in standard con guration: 0.5 dB) and

a spectrum analyzer (R&S ZVL6) (level measurement uncertainty:
<0.5 dB). Figure 7 shows the SDR measurement setup. Three
SDRs were tested: LimeNet Mini, Ettus E310, and USRP 2920.
Two measurement sets were conducted: one probing linearity
across frequency at a xed input power and another probing
sensitivity at a xed frequency with varying input levels.

For the linearity test, a*30 dBm tone was swept from 100 to
200 MHz in 1 MHz steps. The SDRs were con gured with zero
gain to re ect the default eld operation. All devices exhibited
a monotonic response across the band, although with di erent
overall gain scalings. The Ettus E310 showed the most stable and
consistent output, whereas the LimeNet Mini exhibited higher
variability and a signi cantly elevated noise oor.

For sensitivity, a 150 MHz tone was injected at power levels
ranging from *30 to *130 dBm. Each SDR was tested across gain
settings from O to 60 dB. The LimeNet Mini showed detection
thresholds of approximately*60 dBm at 0 dB gain, improving to
approximately*90 dBm at 30 dB. The E310 demonstrated lower
detection thresholds across the board, reliably detecting signals
as low as*110 dBm at moderate gain settings. The USRP 2920
o ered the best raw sensitivity but exhibited compression artifacts
at a high gain. Figure 9 shows the results.

These results indicate that although all three SDRs are suitable
for exploratory measurements, careful gain calibration and noise

oor characterization are essential, especially when seeking
stability at millikelvin scales.

3.3.3. LNA Gain Characterization

The analog front-end ampli cation chain employs mini-circuit
ZX60-P103LN+ LNAs. To quantify the gain and spectral atness,
we measured the forward transmission parameterS,,) of both
the single and cascaded LNA con gurations using the FieldFox
VNA. Figure 10 shows the LNA response (level measurement
uncertainty: <0.5 dB).

A single ampli er exhibited a at gain of approximately 24.5 dB
from 50 to 100 MHz, decreasing gradually to 23.0 dB at 200 MHz.
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