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Abstract.

We present the design, implementation, and operation of a pyramidal horn radio telescope built for

detecting the Galactic 21 cm neutral hydrogen line emission. The system employs a Software-Defined Radio
(SDR) based pipeline to obtain drift-scan observations, which were calibrated and processed to generate HI sky
maps, a Galactic rotation curve and spiral arm features. This demonstrates that this low-cost system is effective
both for educational purposes and scientific exploration of Galactic structure at radio frequencies.

Keywords. Radio telescope—21 cm line—Neutral hydrogen—Pyramidal horn antenna—SDR—Galactic

rotation curve—Spiral arms.

1. Introduction

The hyperfine transition line of neutral hydrogen (HI)
provides a powerful tool for probing the structure and
dynamics of the Milky Way and other galaxies. Spin-
spin coupling between the electron and proton of neutral
hydrogen atom breaks the spin degeneracy of its ls
ground state and produces two hyperfine levels with
an energy gap AE given by:
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where all symbols have their usual physical meaning
(see Griffiths & Schroeter 2018). The frequency v of the
photon emitted in a transition from the triplet state to
the singlet state, using Planck’s formula relating energy

and frequency, is
AE
v = —— = 1420.405 MHz. @)

Dutch astronomer Hendrik van de Hulst predicted the
existence of this radio spectral line in 1944 (van de
Hulst 1945). Ever since its first detection in March
of 1951 by Harold Ewen and Edward Purcell (Ewen
& Purcell 1951) using a horn antenna at the Lyman
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Laboratory of Harvard University, the 21 cm hydro-
gen line has become a cornerstone of astrophysical
research. It enabled astronomers to measure line-of-
sight motions of atomic hydrogen by measuring the
Doppler shifts in the line’s detected frequency. Addi-
tionally, because of its long wavelength, this spectral
line allowed astronomers to probe the stellar structure
of the Galaxy through the extensive clouds of dust in
the Galactic plane, which absorb all optical light within
merely a few thousand light years (Binney & Merrifield
1998). This emission line is thus a key observational
feature in radio astronomy, providing critical insights
into Galactic rotation curves and spiral arm structures
(van de Hulst et al. 1954), and the distribution of inter-
stellar matter.

In recent years, there has been a growing interest
in developing accessible and low-cost radio telescope
systems to enable student and amateur participation in
observational radio astronomy; some of these include
instruments such as the BHARAT dual-mode conical
horn telescope demonstrated by Mhaske et al. (2022),
the 91cm x 81lcm aperture pyramidal horn telescope
made by Langston (2017), and the 70 cm x 60 cm
aperture pyramidal horn designed by Pandian ef al.
(2022).
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The system presented by Pandian et al. (2022)
employs a pyramidal horn with a wide beam of approx-
imately 30° full-width at half-maximum (FWHM) and
1.953 kHz spectral resolution. While this design is
well-suited for detecting large-scale Galactic HI emis-
sion, the large beam limits the angular resolution and
results in significant spatial blending of emission from
different Galactic structures. As a result, the reported
spectra focus on integrated emission rather than resolv-
ing individual HI components along the line of sight.
Additionally, because the instrument operates without
a dedicated pointing mechanism, observations were
targeted toward specific regions rather than a compre-
hensive sky survey. Given these design considerations,
the data were not intended to constrain the Galactic rota-
tion curve or map spiral arm structures, serving instead
a different observational scope.

The pyramidal horn antenna presented by Langston
(2017) achieves a substantially narrower beam of
approximately 13° FWHM and includes a rudimen-
tary mechanical locking mechanism using a hook and
chain, enabling the detection of multiple spectral peaks
associated with different Galactic arms; however, the
observations were carried out over a relatively short
timespan of about one month, and a significant fraction
of the data had to be discarded due to adverse weather
conditions and radio-frequency interference, resulting
in a sky map with incomplete coverage in which the
Galactic plane nevertheless remains clearly visible as a
continuous high emission band spanning the full sky.
Additionally, the study does not proceed to calculate a
Galactic rotation curve or to attempt a derivation of the
spiral arm structure.

In contrast, the dual-mode conical horn demonstrated
by Mhaske et al. (2022) had a beamwidth of approxi-
mately 16.5° FWHM and reduced far-field sidelobes,
enabling the estimation of the Galactic rotation curve
and spiral arm structure, although a full-sky HI inten-
sity map was not presented and the horn geometry is
comparatively complex to fabricate for an amateur radio
astronomer.

We present the design and implementation of a pyra-
midal horn radio telescope tailored for detecting the 21
cm HI line, developed as part of the activities of the
Radio Telescope Project' of the Physics and Astron-
omy Club? at IIT Roorkee. The instrument employs
a mechanically simple and easily constructed pyrami-
dal horn with ~ 20° FWHM and a stable locking and
pointing mechanism. The system was operated over an

Uhttps:/iitr.ac.in/rtp.
2https:// paac.iitr.ac.in/.
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Figure 1. Pyramidal horn radio telescope. The horn
antenna is mounted on a support stand with an elevation lock-
ing mechanism. The signal processing electronics are housed
in the plastic box, with AC power and USB cables connected.

extended observing period spanning several months,
producing a full-sky map of Galactic HI emission with
complete coverage. The achieved angular resolution
and spectral fidelity allow the resolution of multiple
HI velocity components and enable quantitative deriva-
tions of the Galactic rotation curve and spiral arm
structure.

The telescope system described here uses a pyrami-
dal horn antenna optimised for operation at 1.42 GHz,
combined with alow-noise receiver chain and Software-
Defined Radio (SDR) backend. The complete setup is
shown in Figure 1. The primary goal was to make a
functional platform capable of detecting Galactic Hi1
emission with sufficient sensitivity and resolution to
allow the study of the Milky Way’s rotation curve.
The outline of the paper is as follows: Section 2.1
discusses the construction of the horn and waveguide.
Section 2.2 describes the analogue electronic compo-
nents and the SDR used in the setup. Section 2.3 then
presents the electromagnetic simulations and the char-
acterisation of the antenna performance. Section 2.4
discusses the GNU Radio flowgraph design. The obser-
vational strategy is presented in Section 3, covering
the scanning and calibration procedures. Section 4


https://iitr.ac.in/rtp
https://paac.iitr.ac.in/

J. Astrophys. Astr. (2026) 47:75

Page3of 16 75

. éikbi

(a) Laser-cut trapezoidal (b)Folded petals joined us- (c) Waveguide with drilled (d) Probe attached to the

petals of the horn ing the flared edges

hole for the probe

waveguide

Figure 2. Major steps of construction of the feedhorn assembly. The four petals and the waveguide enclosure were mechan-
ically fastened by drilling and riveting owing to the unavailability of welding equipment, with any remaining gaps sealed by

lining the entire internal surface using aluminium tape.

Table1l. Approximate breakdown of the setup cost (in INR).

Component Quantity Cost
Stainless Steel sheets 1 Rs. 4,500
Aluminium tape rolls 10-15 Rs. 160
Support stand 1 Rs. 13,800
Nooelec SAWbird + H1 LNA 1 Rs. 6,000
Wideband Amplifier 1 Rs. 22,000
Bandpass Filter 1 Rs. 7,000
USB Power Supply 1 Rs. 200
DC-DC step-up converter 1 Rs. 60
Cables, connectors and rivets - Rs. 500
HackRF One SDR 1 Rs. 15,000
Total ~ Rs. 74,220
(approximately
$775 USD)

outlines the data analysis methodology and presents the
results of the observations, which include the processed
Galactic maps, the derived velocity curve, and the iden-
tification of spiral arms. Finally, Section 5 concludes
the paper and outlines directions for future work.

2. Design, construction and performance of the
antenna

2.1 Construction of horn and waveguide

The feedhorn was constructed following the pyrami-
dal design of the Digital Signal Processing in Radio
Astronomy (DSPIRA) project (West Virginia Univer-
sity Research Experience for Teachers 2020). The aper-
ture dimensions were 75 cm x 60 cm, sufficiently large

to allow passage through most doorways. The fabrica-
tion process is summarised in Figure 2. A breakdown
of the costs involved in constructing and assembling the
setup is provided in Table 1. It should be noted that the
overall cost of the setup could be reduced with alterna-
tive component choices. For example, a less expensive
support stand could be fabricated or sourced, the use of
two amplifiers is not strictly required, a lower-cost SDR
(like the RTL-SDR Blog V4, the Nooelec NESDR or the
Airspy R2) could be substituted for the HackRF One,
and the Raspberry Pi could be replaced by an existing
desktop or laptop computer. With such substitutions, the
total cost could plausibly be reduced to approximately
half of that listed in Table 1.

The horn body was fabricated from 1 mm thick stain-
less steel sheets, which were laser-cut into trapezoidal
petals with flared strips along the edges to allow assem-
bly, as seen in Figure 2a. The flares were bent to right
angles relative to the petals by hammering them gently,
after which the petals were aligned, drilled, and riveted
together to form the horn structure, as seen in Figure 2b.
A schematic of the dimensions of the horn is shown in
Figure 3.

At the narrow end of the horn, a stainless steel enclo-
sure was similarly riveted to house the waveguide.
A commercially available F-style 1-gallon rectangular
paint thinner can was used as the waveguide, chosen for
its suitable dimensions of 16.8 x 10.2 x 24.1 cm?.

The longer side of the aperture is ¢ = 16.8 cm,
which translates to the maximum (cutoff) wavelength
of the electric field that can propagate parallel to the
long sides A, = 2a = 33.6 cm, effectively acting as a
high-pass filter with cutoff frequency v, = ¢/A. = 892
MHz. To minimise group velocity dispersion near v,
and to avoid higher order modes (2v,, 3v....) that prop-
agate at very different group velocities, waveguides are
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Figure 3. Schematic illustrating the horn geometry. A and
B are the dimensions of the aperture of the horn; aand b are the
dimensions of the aperture of the waveguide; Rg (= Ry) is
the axial length of the horn, and Rg and R(I){ are the distances
from the virtual apex to the aperture plane in the E-plane and
H-plane, respectively.

limited in practice to ~ 1.25v. to 1.9v, constraining our
observationbandto 1115 MHzto 1695 MHz, a band that
contains the desired 1420 MHz line quite well in its cen-
tre. The shorter side of the aperture is » = 10.2 cm, cuts
off electric fields that propagate parallel to the shorter
sides with frequencies less than v, ;, = ¢/2b = 1469
MHz, a value greater than the frequency of the most
blue shifted hydrogen line frequencies we observe.
Taken together, the aperture dimensions of the paint
thinner can enforce dominant TEp-mode propagation
with minimal group velocity dispersion and suppressed
higher-order modal excitation.

The top portion of the can, including the handle and
spout, was removed, and a feed port was prepared by
drilling a hole in the sidewall 5.25 cm from the closed
end, as seen in Figure 2c. This value was adopted from
the DSPIRA horn antenna construction guide 3. The
probe should ideally be located at a backshort distance
of a quarter of the guide wavelength,

c [ ve2T71?
xw=—1—(—)] : ©
% %
which evaluates to 6.78 cm away from the closed end
for v = 1420.4 MHz and v, = 892 MHz. In the present
implementation, the probe was positioned closer to the
closed end than this ideal value. Although this differs
from the ideal location, the configuration still provided
satisfactory coupling and system performance for the
intended application.

An N-type female 4-hole panel mount connector,
seen in Figure 2d, was screwed to the waveguide wall,
with a 5.25 cm copper wire soldered to its central con-
ductor and extending inside as the probe. The location

3https:// wvurail.org/dspira-lessons/FilesUploaded/Horn&Can_
Assembly_2021.pdf.
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Figure 4. Schematic illustrating the waveguide geometry
and the placement of the probe within the waveguide.

Figure 5. Support structure used to mount and orient the
feedhorn assembly. Left: the support stand without the feed-
horn, showing the square base, the vertical supports, and the
horizontal axle that allows rotation in the elevation plane.
Right: the elevation locking mechanism, consisting of a
threaded locking screw engaging with a perforated steel plate
fixed to one of the vertical supports. The array of holes in the
plate, spaced at 5° intervals along a semicircular arc, allows
the feedhorn elevation to be held securely at discrete angles
during observations.

of the probe within the waveguide is illustrated using
front and side views in Figure 4. The can was snugly
fitted into the aforementioned enclosure, allowing easy
removal, reinsertion, or replacement as required.

The interior surfaces of both the horn and the waveg-
uide were lined with aluminium foil tape to improve
conductivity. Care was taken to ensure smooth, con-
tinuous coverage without gaps. A support stand was
manufactured to hold and orient the feedhorn assem-
bly, shown in Figure 5. It was constructed using heavy
metal tube welded into a large square base for stability.
Two vertical columns were fixed to the base, supporting
a horizontal axle that allowed rotation of the mounted
feedhorn in the elevation plane. An inner frame, com-
posed of angled iron brackets, was welded to the axle.
The feedhorn assembly was fixed in this inner frame by
using cables. One end of the axle was equipped with a
manual locking mechanism to secure the desired eleva-
tion angle. This locking mechanism comprised a steel
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Figure 6. Block diagram of the RF signal chain, showing the major components. The incoming 21 cm signal from the feed
passes sequentially through an LNA, a wideband gain stage, and a 1420 MHz band-pass filter before being digitized by the
HackRF One SDR. The digitized samples are transferred over USB to a Raspberry Pi, where the GNU Radio observation

software performs spectrum acquisition and storage.
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Figure 7. Image of the RF signal chain, in a plastic watertight box next to the waveguide, into which the right-angle SMA
connector extends. The two amplifiers are seen connected to the dual-port USB phone charger which powers them. The digital
signal (white cable) from the HackRF One and the AC power (red and black wires) extend away from the frontend box to a

secure room 10 m away, where the Raspberry Pi is.

bar ending in a cylindrical knob with a threaded hole.
A locking screw passed through this knob and could be
tightened into a perforated steel plate fixed to the outer
frame. The plate has an array of holes spaced 5° apart
distributed along a semicircular arc, corresponding to
different elevation angles. By aligning the screw with
the desired hole and tightening it, the feedhorn’s eleva-
tion could be fixed securely, preventing any unintended
motion during observation. The azimuthal orientation of
the frame was set using the magnetometer of a mobile
phone. The inclinometer was used to verify that the two
positions corresponding to northern and southern zenith
were aligned with the local horizontal. Based on this,
no independent astronomical pointing calibration was
performed, as the expected pointing error from this pro-
cedure is much smaller than the angular scale set by the
feedhorn’s beamwidth.

2.2 The radio frequency signal chain

The radio frequency (RF) front-end of the pyramidal
horn telescope was designed to receive and amplify
weak signals at the neutral hydrogen (HI) line frequency
of 1.42 GHz. It consists of a low-noise amplifier (LNA),
a wideband amplifier, and a band-pass filter. The con-
ditioned RF signal was then digitised using a HackRF
One SDR and subsequently processed and stored on a
Raspberry Pi 5 single-board computer. The block dia-
gram and image of the RF signal chain are shown in
Figures 6 and 7.

2.2.1 Low-noise amplifier (LNA) The LNA used in
the system was the Nooelec SAWbird + H1, a com-
pact, self-contained module specifically designed for
hydrogen line observations near 1.42 GHz. It features
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HI line spike (at ~1420.5 MHz)

1,420
Frequency (MH2)

Figure 8. Firstlight of the telescope on 7 August 2023. The
horn antenna is oriented upright roughly toward the zenith,
and the LNA and the SDR are connected to its probe. The
laptop shows a live power spectrum in which the 21 cm Hiline
from the transiting Galactic plane is visible as a noticeable
feature.

a sharp band-pass filter with high out-of-band rejection
and provides a typical gain of ~ 40 dB within a 65 MHz
bandwidth centred at the target frequency. The module
exhibits alow noise figure of ~ 0.8 dB and operates with
a nominal current draw of 120mA. The LNA was pow-
ered from one port of a dual-USB phone charger via a
micro-USB cable. The LNA was connected to the probe
using an N-to-SMA adapter and aright-angle SMA con-
nector. The LNA alone provides sufficient gain for the
detection of the HI line without necessarily requiring
any of the subsequent amplification and filtering stages.
This is demonstrated in Figure 8, where the telescope
achieved first light using only the LNA and the SDR.
In the photograph, the horn antenna, LNA, SDR, and
a laptop displaying the spectrum with the HI line spike
visible are shown during the first light test, conducted
immediately after the horn was initially assembled, as
the Galactic plane transited the local zenith.
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2.2.2 Wideband amplifier ~ Following the LNA, the
signal was further amplified using the Mini-Circuits
7X60-1614LN-S wideband amplifier. This component
offers a noise figure of ~ 0.5dB, a gain of ~ 14dB,
and a third-order intercept point (IP3) of +30dBm
at 1420 MHz. It operates over the frequency range of
1217-1620MHz using a DC supply voltage between
11V and 13V, with a typical operating current of 42 mA
(maximum 50mA). The second port of the aforemen-
tioned dual-USB phone charger powered the wideband
amplifier, with the 5V and ground lines extracted from
the USB connection and soldered to an XL6009 DC-DC
step-up converter, whose output was adjusted to 13V
using the onboard potentiometer and then connected to
the amplifier.

2.2.3 Band-pass filter A Mini-Circuits ZX75BP-
1500-S+ lumped-element LC band-pass filter was
employed to isolate the desired frequency band. This fil-
ter passes signals in the 1350 MHz to 1650 MHz range,
attenuating out-of-band noise and interference while
preserving the integrity of the hydrogen line signal.

2.2.4 Software-defined radio receiver  Signal digiti-
zation was performed using the HackRF One, a versatile
software-defined radio capable of both transmission and
reception over a wide frequency range from 1 MHz to
6 GHz. This open-source, half-duplex transceiver sup-
ports a sampling rate of up to 20 million samples per
second and provides 8-bit quadrature sampling (8-bit I
and 8-bit Q). It is operated as a USB peripheral and is
compatible with GNU Radio” for signal processing and
analysis.

2.3 Simulation of antenna performance

Electromagnetic (EM) simulations of the antenna were
performed in CST Studio Suite (Dassault Systémes
Simulia Corp.), a commercial EM analysis software
package. The radiation pattern of the horn antenna was
computed in the far-field (Fraunhofer) radiation zone.
Figure 9 shows the simulated two-dimensional and
three-dimensional radiation patterns. The radiation pat-
tern was analysed to determine the FWHM of the main
lobe, which was 18.1° in the E-plane and 21.3° in the H-
plane. The simulated maximum gain is 18.5 dBi, which
was used to normalise the radiation patterns shown in
Figure 9a.

4https:// www.gnuradio.org/.
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Figure 9. Simulated radiation characteristics of the horn
antenna at 1420 MHz. The FWHM of the main lobe is 18.1°
in the E-plane and 21.3° in the H-plane. The worst sidelobe
level is -9.3 dB in E-plane (red curve in Figure 9a).

The effective aperture area A for a gain (G) of
18.5 dBi and wavelength (1) is calculated as:

A\2G
Ae = —— =0.251 m>. “4)
4

The aperture efficiency 7 is then obtained as:

Ae
Aphys

n = = 55.8%, &)
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where Aphys is the physical aperture area of the horn.
The total noise figure of the receiver chain, N Fioy, iS
calculated using the Friis formula (Kraus 1966):

n
N&msz+zﬂ¥%$, ©)
i=2 11j=19]
where N F; and G ; are the noise figure and gain of the i-
th and j-th stages respectively, and # is the total number
of stages.

For the present setup, the first-stage LNA contributes
approximately 0.8 dB to the receiver noise figure, while
the contribution from the second stage, after accounting
for the gain of the first stage through the Friis formula, is
only ~ 0.00004 dB. Consequently, the overall receiver
noise figure is effectively N Fiora1 & 0.8dB. The corre-
sponding equivalent noise temperature Tpoise is related
to the noise figure N F' by

Troise = Trer (10¥7/10 = 1), )

where Trer = 300 K is the standard reference temper-
ature, customarily taken to be the room temperature.
Using this relation, the total noise figure corresponds
to an equivalent receiver noise temperature of approxi-
mately 60.68 K. As expected, the overall receiver noise
figure is dominated by the first amplifying stage, since
the contribution of all subsequent stages is suppressed
by the gain of the LNA.

2.4 Software architecture

2.4.1 GNU radio flowgraph design  The software
spectrometer was implemented using a custom GNU
Radio flowgraph, as shown in Figure 10, that performed
a series of signal processing steps tailored for hydro-
gen line observations. The modular structure of the
flowgraph allows real-time visualisation of system tem-
perature, gain, and signal spectrum, as well as user
control over integration time, frequency settings, and
output modes.

2.4.2 Fourier transform pipeline  The HackRF SDR
receives the RF signal centred around the 21 cm hydro-
gen line. The receiver frequency was set to 1419.5
MHz within GNU Radio. A stream-to-vector block seg-
mented the incoming data stream into vectors of length
4096. To reduce spectral leakage and improve chan-
nel isolation, a polyphase filter bank was implemented.
The total filter length is 4 x 4096 = 16384 samples.
This filter is partitioned into four polyphase compo-
nents, each corresponding to a contiguous segment of
length 4096.
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Figure 10. GNU Radio Flowchart. The blocks in the blue box (1) define usage options, imports, and variables. The blocks
in the red box (2) show the RTL-SDR source, polyphase filter, and FFT calculation block. Following that, the blocks in the
green box (3) perform integration, averaging, and file output. The blocks in the orange box (4) include all QT GUI display
modules, while those in the pink box (5) manage the options for the GUI modules.
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sampling rate of 8 MHz, corresponding to 512 us per
spectrum.

The FFT output was multiplied by its complex con-
jugate to get the power spectral density (PSD). The
resulting real-valued PSD was averaged over 16 consec-
utive spectra (8.192 ms). Further accumulation yields
a total integration time of 30 s used in this work, with
optional additional smoothing via a moving average.
The integration time is user-configurable within the
pipeline. The final output was visualised in real-time

The input stream is split into four branches with rel-
ative delays of 0, 4096, 8192, and 12288 samples. Each
branch is converted into vectors of length 4096 and mul-
tiplied element-wise by the corresponding segment of a
prototype filter constructed as a sinc function tapered
by a Hamming window. The weighted outputs from
all branches are then summed element-wise to form a
single filtered vector, which is passed to a 4096-point
Fast Fourier Transform (FFT) to obtain the frequency
spectrum. Each FFT operates on 4096 samples at a
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using QT GUI sinks and was saved continuously for
post-processing as well.

2.4.3 Datalogging and storage format The processed
spectra were timestamped using the system time from
the Raspberry Pi and stored in CSV files using the
Python csv_filesink block within the GNU Radio
environment. Each file name includes the acquisition
time, allowing for easy temporal referencing.

Calibration periods were identified by recording the
start and end times of the hot-load measurements, dur-
ing which the antenna was pointed toward the ground
for more than an hour between successive drift scans.
The time ranges corresponding to each fixed elevation
setting were also recorded, allowing the sky data from
each drift scan to be associated with the correct antenna
elevation during later analysis.

The system was designed for unattended operation.
When data logging is enabled, new files are auto-
matically created after each integration interval. This
one-file-per-integration approach follows the native
behaviour of the GNU Radio pipeline and was retained
to minimise additional custom blocks and software
complexity. Additionally, writing each integration to a
separate file ensures that data already written to disk
remain intact in the event of power interruptions or sys-
tem failures. This automation ensures continuous data
acquisition over long observation sessions.

3. Observational strategy
3.1 Scanning

The antenna was aligned along the local meridian
(North—South direction), allowing the centre of the
beam to sweep across the sky from the northern to the
southern horizon through the zenith when movement
was not locked. At discrete elevation angles ranging
from near the Celestial North Pole down to the south-
ern horizon, the antenna was fixed, and the sky was
allowed to drift past the beam over a full 24-hour period.
This resulted in a series of drift scans at different decli-
nations, enabling coverage of the entire visible sky
over time. The observations analysed in this work were
acquired between January and May 2025.

3.2 Calibration
Between each change in elevation, i.e., after each com-

plete drift scan, the antenna was manually pointed
toward the ground for more than an hour. This position
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served as the hot load, assumed to have a brightness
temperature of approximately 300 K. For cold load
calibration, each drift scan was examined to identify
regions with the highest Galactic latitude, i.e., areas
farthest from the Galactic plane, where the contribu-
tion from neutral hydrogen is minimal. These regions
predominantly contain only atmospheric emission, cos-
mic microwave background (CMB), and receiver noise,
and are therefore used to define the cold load ref-
erence, assumed to have a brightness temperature of
approximately 10 K, consistent with the single-dish H1
experiment reported by Saje & Vidmar (2017).

The peak brightness of the HI line in the collected
spectra is significantly less than the peak brightness in
the spectra obtained from radio telescopes with better
spatial resolution, such as in the HI4PI all-sky database
of Galactic H1 (HI4PI Collaboration et al. 2016), which
is based on the Effelsberg-Bonn HI Survey (EBHIS)
(Winkel, B. et al. 2016) and the Galactic All-Sky Survey
(GASS) (McClure-Griffiths et al. 2009). This is because
the temperature detected at an antenna 74 is

_ 5T TGO, d) Ty, ¢) sin(6) dO d¢p

T
! ozn Jo GO, ¢)sin(®)dod¢

®)

where G(0, ¢) is the antenna gain pattern, and
T, (0, ¢) is the brightness temperature of the sky. In
plain words, the temperature T4 is the weighted average
of the temperature of the sky (and the ground) weighted
by the beam pattern of the antenna. A beam pattern with
a smaller spread will be truer to the actual nature of the
sky, and conversely, a beam pattern with a larger spread
will show a smudged view of the sky. The Effelsberg
100-m Radio Telescope, which was used in EBHIS, and
the Murriyang, the 64-m CSIRO Parkes Radio Tele-
scope, which was used in GASS, have enormously bet-
ter beam patterns and sensitivities than our humble horn
antenna, and observe a multitude of narrowly separated
peaks in the HI line spectrum near the Galactic plane,
where we can only resolve a few widely separated peaks.

We convoluted the spectra from the HI4PI database
with the simulated beam pattern we discussed in Sec-
tion 2.3. The peak brightness temperatures of the
resulting beam—convolved spectra were compared with
the peak temperatures measured in our crudely cali-
brated observations. This comparison was performed
in 5° bins in Equatorial coordinates. From the mean
of the ratio of the HI4PI-based peak temperatures to
the observed peak temperatures, we derived a calibra-
tion factor for each declination drift scan. These factors
were subsequently applied as multiplicative corrections
to the corresponding observed spectra.
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A systematic frequency drift was observed in the
spectra, presumably instrumental in origin. The HackRF
One SDR was tested by capturing the digitized spec-
trum using a APSIN3000 AnaPico signal generator. A
frequency sweep confirmed a 26.35 ppm mean drift
observed across the band. This corresponds to a cor-
rection in line-of-sight velocity of 7.90 km/s.

Since this offset is systematic rather than random,
it was incorporated as a correction to the line-of-sight
velocities prior to converting them into velocities in
the Local Standard of Rest frame. Consequently, the
derived Galactic rotation curve and the spiral arm struc-
ture are based on the corrected velocities and are not
systematically biased by the SDR clock drift.

The authors’ best guess is that the drift is produced by
the 25 MHz X1 crystal oscillator onboard the HackRF
One that is used to generate the clock signal for both the
local oscillator and ADC/DAC (see the device’s block
diagram in Lichtman, 2024), unfortunate as the above
specified part is rated to have a frequency stability of
less than 20 ppm.

4. Data analysis and results
4.1 RFI detection and mitigation

Radio-frequency interference (RFI) appears in the spec-
tra as narrow high-amplitude spikes at specific fre-
quencies across the observing band. In particular, a
comb-like pattern of interference with an approximately
1 MHz spacing was observed consistently, likely origi-
nating from internally generated electronic noise within
the receiver system or associated digital electronics. To
suppress these contaminating features, we first applied a
threshold-based flagging method. After flagging, we fit
a sum of narrow Gaussian functions plus a smooth base-
line to the affected regions. Each Gaussian was centred
at a detected RFI spike, and its parameters (amplitude,
width, and centre frequency) were optimised to model
the shape of the interference. The fitted RFI model was
then subtracted from the raw spectrum.

This multi-Gaussian approach was implemented
using Python and enabled restoration of underlying
Galactic signals while removing narrowband interfer-
ence. The RFI mitigation was applied only for Galactic
longitudes between 0° and 270°, because beyond this
range the Doppler-shifted HI emission overlaps with
a persistent RFI features near 1420.0 MHz, preventing
reliable separation of the astronomical signal from the
interference.
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4.2 Galactic mapping

Following RFI mitigation, we averaged all calibrated
spectra corresponding to each sky position, binned in
Equatorial coordinates. Averaging multiple observa-
tions enhanced the signal-to-noise ratio and reduced
random noise.

For each region, we fit the averaged spectrum using a
sum of Gaussian profiles plus a constant baseline. The
value of the sum of Gaussian profiles at the position of
the Gaussian with the highest amplitude was used as
the HI signal strength at that location. The result was a
map of neutral hydrogen intensity across the observed
sky regions. The number of Gaussian components was
determined iteratively by increasing their number until
the relative change in the residual variance between suc-
cessive fits satisfied € < 0.05, where

Unz —03—1|

2 9
01

€ =

and o is the variance of the residuals for a fit with
n Gaussian components. This criterion was used to
approximate convergence of the model. The value of the
summed Gaussian model at the position of the Gaussian
component with the highest amplitude was used as the
Hi signal strength at that location. The result was a map
of neutral hydrogen intensity across the observed sky
regions.

The decomposition of an HI spectrum into Gaussian
components is not unique because Gaussian basis func-
tions are not orthogonal, and different combinations of
components can reproduce the observed spectral pro-
file. Therefore, the fitted Gaussian components should
not necessarily be interpreted as distinct physical struc-
tures or individual clouds but instead as a convenient
representation of the observed spectral profile (Haud &
Kalberla 2007; Roy et al. 2013). This non-uniqueness
is particularly relevant when multiple velocity com-
ponents overlap along the line of sight, leading to
degeneracies in the Gaussian decomposition.

After calibrating and processing the spectral data, the
sky maps in Figure 11 were generated to visualise the
intensity of the 21 cm line signal at different points in
the sky.

Figure 11a was created using Equatorial coordinates
and extends to a minimum declination of approximately
—60°, corresponding to the southernmost sky visible
from the observing site at Roorkee, India (¢ ~ 29.86°
N). Figure 11b used Galactic coordinates projected with
an Aitoff projection and includes a grey region around
the southern celestial pole that remains permanently
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Figure 11. All-sky maps of the calibrated HI line inten-
sity derived from our observations, shown in two different
coordinate systems. Figure (a) presents the sky map in Equa-
torial coordinates (right ascension and declination). Figure
(b) shows the same data transformed into Galactic coordi-
nates and displayed using an Aitoff projection. A distinct,
continuous band of relatively stronger emission correspond-
ing to the Galactic plane is visible across the maps.

below the horizon. These maps trace the structure of
the Galactic plane, where the HI signal is strongest, and
show a decrease in intensity at higher Galactic latitudes,
as expected.

4.3 Doppler velocity calculation

The observed frequency shift of the HI 21-cm line was
converted into a Doppler velocity using the radio defi-
nition:

v=c 7 9)
where fy = 1420.4058 MHz is the rest frequency,
Af = fo— fobs, and c is the speed of light. This yields

the line-of-sight velocity relative to the observer’s frame
on Earth.
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To convert the observed radial velocities to the Local
Standard of Rest (LSR) frame, Python routines based
on the Astropy astronomy library Astropy (Astropy
Collaboration et al. 2013, 2018, 2022) were used. This
implementation was verified against PyAstronomy
(Czesla et al. 2019) correction routines and an adapta-
tion of the velocity correction calculator developed by
F. Ghigo’, originally intended for the Green Bank Tele-
scope, with the backend adjusted for the geographic
coordinates of the present observing site. The correc-
tion was applied in two stages:

1. The barycentric velocity of Earth at the time of
observation was calculated using the geographic
location of the telescope and the observation
time.

2. The solar peculiar motion with respect to the
LSR was calculated by adopting the values
U, VvV, W) = (11.1, 12.24, 7.25) km/s, follow-
ing the determination by Schonrich et al. (2010),
where, U is directed radially inwards toward
the Galactic Centre, V is along the direction
of Galactic rotation, and W points vertically
upwards toward the North Galactic Pole.

Both the barycentric and solar peculiar velocities
were projected onto the line of sight (LOS) towards the
target source by taking the dot product of each velocity
vector with the unit vector along the LOS. The sum of
these two projections was taken as the velocity correc-
tion required, and was computed individually for each
observation using the target’s coordinates and the time
of observation. Figure 12 presents the 21 cm HI line
spectrum obtained by averaging all spectra within a 5°
bin centred at (¢, b) = (82.5°,0°), which is roughly
the direction of the Cygnus constellation. The residu-
als show some of the spurs discussed in Section ?? that
could not be removed because they lie within the fre-
quency range where the 21 cm HI line is strong. The
Gaussian profiles fitted to the spectrum and the beam—
convolved HI4PI spectrum at that region are also shown.

4.4 Velocity-radius curve estimation

To estimate the Galactic rotation curve, we employed
the tangent-point method within the inner Galaxy range
0° < £ < 90°. For a given Galactic longitude ¢, the
tangent point is the location along the line of sight that
is closest to the Galactic Centre, where the line is tangent

5https:// www.gb.nrao.edu/~fghigo/gbt/setups/radvelcalc.html.
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Figure 12. 21cm HI line spectrum at Galactic longitude
£ = 82.5° and latitude b = 0°, approximately in the direc-
tion of the Cygnus constellation. The observed line profile
is compared with the data from the HI4PI survey convolved
with the simulated antenna beam.

to a circular orbit (the assumption that orbits are circular
is maintained throughout this study).

From Figure 13, it is clear that from the perspective
of an observer in the LSR frame, orbiting the Galactic
Centre with velocity Vj at a distance Ry away from it, a
target that is orbiting the Galactic Centre with velocity
V(R) atadistance R away from it, in the Galactic plane
at a Galactic longitude ¢, moves away with velocity
Vobs:

Vobs = V(R) sin(6 + £) — Vpsin €. (10)

Clearly, along a particular line-of-sight, the maxi-
mum line-of-sight velocity Vpax is observed from the
clouds of hydrogen that move satisfying sin(6 +¢) = 1,
i.e. are on the tangent point for that the Galactic longi-
tude of that line-of-sight, under a not-too-unreasonable
assumption that V (R) is not heavily varying with R.
Thus, from the spectra from the Galactic plane, for each
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Figure 13. Schematic view of geometry of Galactic rota-
tion and line of sight velocities in the Galactic plane. The
observer in the LSR frame, orbiting the Galactic Centre with
velocity Vj atradius Ry, and the target is orbiting the Galactic
Centre with velocity V (R) at radius R.

longitude ¢, we can calculate the corresponding Galac-
tocentric radius and rotation velocity by selecting the
most red-shifted Gaussian component using:

R = Rpsinf, V(R) = Vpax + Vosin¥ (11

where Vpax is the observed velocity of the most red-
shifted Gaussian component. Due to the geometric
limitation of the tangent-point method being applica-
ble only when the line-of-sight is tangential to an orbit,
the rotation curve derived from this method ends at a
maximum Galactocentric radius Ry.

The uncertainty in V(R) was estimated using a
Markov Chain Monte Carlo (MCMC) analysis of the
Gaussian fits, implemented with the Python package
emcee (Foreman-Mackey et al. 2013). For each fit-
ted Gaussian component, posterior distributions of the
amplitude, central velocity, and width were sampled,
and the parameter uncertainties were taken from the
16th and 84th percentiles of the marginalized poste-
rior distributions, corresponding to an approximate 1o
interval. The uncertainty in R was derived from the
Galactic longitude bin width and propagated through
the geometric relations used to compute the Galacto-
centric radius. These calculations were implemented
in Python by binning the data in Galactic longitude,
extracting Vpax from the Gaussian fits, and computing
the rotation curve point-by-point.
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Milky Way Rotation Curve (0° < ¢ < 90°)
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Figure 14. The Velocity-Radius rotation curve for the Milky Way galaxy. The measured rotation curve is consistent with
results from similar analyses in the literature and shows a clear deviation from the Keplerian prediction at large Galactocentric

radii.

A couple of previous studies have attempted to extend
the Galactic rotation curve beyond Rq using an alter-
native approach based on a so-called “velocity-vector
method” and the application of Oort constants (Pan-
dian et al. 2022, Makhijani et al. 2024). However, such
a method is not used in the present work because the
Oort constants are defined through a first-order Tay-
lor expansion of the Galactic angular velocity about
the Solar neighbourhood and are strictly valid only
for tracers located at distances much smaller than Ry
(d < Rp). This assumption does not support infer-
ring the rotation curve at Galactocentric radii much
larger than Rp. We therefore restrict our analysis to radii
R < Ry, where the tangent-point method is applica-
ble. The rotation curve can be and has been extended
to R > Ry using other sources like stars and masers,
and more sophisticated methods, including VLBI and
spectroscopy (Sofue 2020).

The resulting rotation curve, shown in Figure 14, is
consistent with the general trend reported in the liter-
ature (Liu & Chronopoulos 2008, Mhaske et al. 2022,
Physicsopenlab 2020). The curve rises steeply near the
Galactic Centre, reflecting the increasing enclosed mass
at small radii, and then gradually flattens at larger dis-
tances from the centre. This deviates from the Keplerian
and visible matter predictions, according to which the
velocity of circularly orbiting matter should decrease as

Voxl/ VR (Liu & Chronopoulos 2008). This flatness
supports the presence of a halo of dark matter, which is
invisible in optical and radio frequencies, but provides
the additional gravitational force needed to maintain
higher-than-expected rotation speeds at large distances
(Corbelli & Salucci 2000).

4.5 Spiral arm structure

To infer the large-scale spiral structure of the Milky
Way, we make use of the measured line-of-sight veloc-
ities of all the Gaussian components, not just the most
red-shifted one. Using the law of sines and Figure 13,
we get:

R R d

. =— =, (12)
sin(@ +¢) sinf sinf
which, using Eq. (10), can be simplified to:
| Ro .
0 =m —\{£+sin ?smﬁ , (13)
V(R) Ry sin ¢
_ V(R) Ry sin (14)

- Vosin€ + Veps

For each Gaussian component at each Galactic lon-
gitude, the corresponding Galactocentric coordinate
(R, 0) was determined under the assumption of a flat
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Spiral Structure of the Milky Way galaxy
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Figure 15. The structure of the Milky Way galaxy obtained using our hydrogen line observations. The Sun and its orbit
around the Galactic Centre are shown in blue. Red points correspond to individual detected spectral peaks. Spiral arm loci
from the literature, shown as thick coloured curves, are overlaid for comparison.

Galactic rotation curve with constant circular velocity
V(R) = W.

These polar coordinates were then converted into
Cartesian coordinates in the Galactic plane via

x = Rcosé, y = Rsin#, (15)

allowing every detected HI component to be plotted as
an individual tracer point producing a two-dimensional
map of neutral hydrogen structure within the Milky Way
disk from the distribution of observed spectral peaks.
Figure 15 shows the distribution of hydrogen by map-
ping the spiral arm tracers of HI in the Galactic plane.
The Sun, the solar circle (R = Ry) and Galactic Centre
are marked for reference. The schematic trajectories of

the major Milky Way spiral arms (Denyshchenko et al.
2023) and the Galactic bar (Wegg et al. 2015) overlaid
for context. The spiral nature of the galaxy can be seen
clearly, and the tracer positions are consistent with the
locations of the spiral arms up to the Outer Arm.

Some tracers near Galactic longitude ~ 75°, possi-
bly associated with the Scutum-Centaurus arm, appear
significantly closer to the Sun than expected. This
discrepancy may arise from the assumption of a con-
stant circular velocity. From Eq. (14), underestimating
the true circular velocity V (R) at the location of the
cloud infers a smaller Galactocentric radius R, thereby
shifting the reconstructed arm position closer to the
observer.
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5. Conclusion

The construction and working of the pyramidal horn
radio telescope to detect the HI line is presented in this
work. Our pyramidal horn radio telescope successfully
detected the Galactic 21 cm HI line and produced spec-
tra suitable for mapping the hydrogen distribution and
deriving the Milky Way rotation curve and the spiral arm
structure. Despite limitations imposed by the sensitivity,
beamwidth, and RFI contamination, the results repro-
duce the expected rotation curve and reveal large-scale
Galactic structure, demonstrating the effectiveness of
this low-cost design and methodology.

Future work in the Radio Telescope Project of the
Physics and Astronomy Club will focus on advancing
the observational and instrumental capabilities. Efforts
are underway to construct a S-meter radio dish, which
in its initial stage will operate in a fixed zenith mode for
hydrogen-line observations. This dish will subsequently
be motorised to enable full-sky scanning and upgraded
with higher-sensitivity feeds and backends, ultimately
enabling pulsar observations and timing studies (Grover
et al. 2024).

All data products and analysis codes used in this study
are publicly available on Github®.
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