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Improving the BURT’s Sensitivity using Noise Calibration Unit via Crab Nebula
Observations

Abstract

Radio observations from astronomical sources like supernovae became one the most important sources
of information about the physical properties of those objects. However, such radio observations are
affected by various types of noise such as those from sky, background, receiver, and the system itself.
Therefore, it is essential to eliminate or reduce these undesired noise from the signals in order to ensure
accurate measurements and analysis of radio observations. One of the most commonly used methods
for reducing the noise is to use a noise calibrator. In this study, the 3-m Baghdad University Radio
Telescope (BURT) has been used to observe crab nebula with and without using a calibration unit in order
to investigate its impact on the signal. Radio observations of crab nebula have been carried out for
different periods in 2022. Several parameters of the telescope have been calculated and analyzed using
statistical measurements with and without using the noise calibration unit. Those parameters are receiver
gain, system temperature, antenna temperature, and degree per flux unit. The results of this research
revealed that the fluctuation sensitivity of BURT improved by about an order of magnitude, when the noise
calibration unit is used. The root mean square error and the radiometer equation of the antenna
temperature decreased to less than 33% and 10%, respectively in comparison to their initial values. In
conclusion, the noise calibration unit plays a crucial role to improve the sensitivity of a radio telescope
drastically.
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Abstract

Radio observations from astronomical sources like supernovae became one the most important sources of information
about the physical properties of those objects. However, such radio observations are affected by various types of noise
such as those from sky, background, receiver, and the system itself. Therefore, it is essential to eliminate or reduce these
undesired noise from the signals in order to ensure accurate measurements and analysis of radio observations. One of
the most commonly used methods for reducing the noise is to use a noise calibrator. In this study, the 3-m Baghdad
University Radio Telescope (BURT) has been used to observe crab nebula with and without using a calibration unit in
order to investigate its impact on the signal. Radio observations of crab nebula have been carried out for different
periods in 2022. Several parameters of the telescope have been calculated and analyzed using statistical measurements
with and without using the noise calibration unit. Those parameters are receiver gain, system temperature, antenna
temperature, and degree per flux unit. The results of this research revealed that the fluctuation sensitivity of BURT
improved by about an order of magnitude, when the noise calibration unit is used. The root mean square error and the
radiometer equation of the antenna temperature decreased to less than 33% and 10%, respectively in comparison to their
initial values. In conclusion, the noise calibration unit plays a crucial role to improve the sensitivity of a radio telescope
drastically.
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1. Introduction their hypothesis, a single electron is moving with a
velocity that is close to light velocity, and this elec-
tron in an external magnetic field will emit a radi-
ation. This radiation is located in the radio region,
and the frequency that near this emission reaches its
maximum intensity is called the critical frequency
for synchrotron emission [7]. A few years later, this
hypothesis was confirmed by Mayer et al. by the
detection of polarization from the same nebula [8].
Since then, synchrotron radiation has revolution-
ized knowledge in the field of astronomy, and it has
become the fingerprint and the principal tool in
identifying and investigating new SNRs and their
environments in the radio energy band.

According to Green's classifications and constantly
modified review, there are more than 294 firmly
classified SNRs in our galaxy about 95% of them have

he crab nebula, the plerion nebula of a type II
supernova that exploded in 1054 AD, is one of

the most important celestial objects in the history of
astronomy. Not only for providing convincing evi-
dence for the existence of pulsars as rapidly rotating
neutron stars at the center of core-collapse super-
novae. But it also revealed the first-time non-ther-
mal radio emission from a Supernova Remnant,
SNR [1]. Several previous studies extensively dis-
cussed and explained the mechanism by which this
type of electromagnetic radiation is generated [2—4].
In 1950, a plausible theory explaining the radio
emission of SNRs was proposed by Alfven and
Herlofson [5] and independently by Kiepenheuer
[6], which is the synchrotron radiation. According to
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been identified as radio sources [9]. A few more
studies were carried out to investigate crab using ob-
servations in different bans. For instance, in 2019 a
study was carried out and identified crab nebula as a
high-energy astrophysical source [10]. In 2020,
another study was carried out to demonstrate a tur-
bulent model of the crab nebula's emissions [11]. The
estimation of the crab dust mass is achieved via multi
spectral observations [12]. Later, several rapid bright
flares are observed at high energy along the direction
of the crab nebula [13]. The observation at the fre-
quency of 3 GHz using the VLA technique. This
technique leads to obtain an image of the entire crab
nebula with sub-arcsecond angular resolution [14]. In
addition, telescopes, in Canada, France, and Hawaii,
were used to map the crab nebula with outer and inner
envelopes. This is considered as a wonderful 3D
mapping that was achieved by Fourier transform
spectrometer [15]. In the last decade, different sizes of
radio telescopes were built like (small, medium, and
large) radio telescopes that are used to observe
different radio sources in our universe [16]. Small
radio telescopes are widely used in astronomy, espe-
cially at the frequency of 1.42 GHz. This frequency is
emitted from neutral hydrogen atoms which are
available at any position in the Universe [17]. There-
fore, radio observations for such frequency provide us
with important information about celestial astro-
nomical objects. There are several types of small radio
telescopes, one of the most important of them is a
telescope with a diameter of 4.5 m [18]. This telescope
is used to map the distribution of neutral hydrogen in
the Milky way galaxy [19]. In recent years, other radio
telescopes were used to perform solar observations,
such as the Medicina and Sardinia radio telescopes.
These telescopes have multiple receivers which covers
a wide range of frequencies [20]. Although the ob-
servations made through radio bands usually suffer
from many technical problems related to accurate
equipment calibrations over wide frequency ranges.
This depends, particularly on the antenna tempera-
ture scale and the antenna gain values. In many cases,
the calibrations are made by relative comparison of
the flux density of the object under study with other
sources such as the Sun, the Moon, planets, or any
object whose flux density is well defined.

In this paper, the calibration has been carried out
via a different technique using the Baghdad Uni-
versity Radio Telescope (BURT) centered at a 21-cm
wavelength.

Particularly, a noise calibration unit is connected
to BURT and pointed towards crab nebula for the
purpose of improving the sensitivity and accuracy of
observational data from this interesting astronomi-
cal object.

The telescope, in this case, receives the signal
from crab nebula as well as from the noise calibra-
tion unit itself. Therefore, when the receiver noise is
subtracted from the signal received from crab neb-
ula, the results would be more reliable and lead to
better understanding of the physical properties of
crab nebula.

2. Observation and data reduction

The observations of the crab nebula have been car-
ried out with the 3-m BURT centered at frequency of
1.42 GHz, corresponding to awavelength of A =21 cm.
The bandwidth of the used radio telescope is 0.2 GHz;
the system noise temperature =35 K; and the antenna
effective area A, = 3.5 m? [21].

The optimum values of the BURT spectrometer
parameters for observing the source under study
were: span of 3 MHz, sweep time of 35s, resolution
bandwidth of 100 Hz, and video bandwidth of 10 Hz.
The observations were conducted over three
months in 2022, from June to August.

Regarding the observations, to ensure the source
site is within the main loop of the antenna, the an-
tenna was first directed to the crab nebula position,
o =5"34"945 § = 422°00'52.2", for about 3 min.
Then, in an effort to measure the sky background
noise (Fig. 1), the antenna was moved to a position
far from the nebula, at least by an azimuthal (¢)
separation distance of 10° but with the same eleva-
tion (#), to make sure there was no signal coming
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Fig. 1. The measured power from sky background (p,g) as a function of
frequency.
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from the source. This estimation was later sub-
tracted from our data to prevent unwanted signals.

3. Calculations, statistical measurements and
results

The calibration of any radio telescope is usually
done by specifying several requirements for the noise
calibration unit, such as total receiver gain (G,), system
temperature (Ty;s), and calibration temperature (T,).

Commonly, these parameters are determined from
radio observational data. In this study, to determine
the first parameter, G, has been determined using an
On-Off switching technique, aided by a noise cali-
brator, through the subtraction of the measured initial
system noise power (Porr) from the noise power
injected into the BURT receiver (Poy), as shown in
Fig. 2. That resulted in a value of G, = 30 dB.

However, the calibration of the second parameter,
Tsys, requires more parameters along with the
observational data. For instance, the spectrum
bandwidth frequency Av and the calibration tem-
perature T,y that can be obtained from the
following formulas [22]:

AU:NChAUCh (1)

Pon — Porr 2)

Tear = kG,Av

-130 T T

where Ny, is the number of channels, Av,, is the
channel width, and k is Boltzmann's constant.

By setting N, = 600,Avy, = 5 kHz, and using the
obtained value of G,, the resultant calibration tem-
perature was found to be T.;; = 0.3 K.

Pon and p.s are the measured power from the
source (in our case, the crab nebula, Fig. 3) and
blank sky (Fig. 1), respectively, these two powers are
used for further estimations as shown in next
section.

For the Ty calculations, the noise calibration unit
has been used, through two measurements of the
power from the blank sky: one with the aid of noise
calibration unit (P,;) and the other without (Pogr),
and according to the following equation [23].:

Porr

Tye=— O
s
Pcul - POFF

Tcul (3)
As these parameters became available, many
radio terms, such as the antenna temperature (Ty),
flux density (S,), and aperture efficiency (n) can be
estimated using the following formulas [24]:

_ FPon— poff
Ta= G,kAv (4)
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Fig. 2. Noise power from calibration unit as a function of frequency.
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Fig. 5. The (a) un-calibrated and (b) calibrated flux densities from crab nebula observations as a function of frequency.

n= (6)

where A, and A, are the effective and physical areas,
respectively.

Hence, by applying Egs. (3) and (4) on the obser-
vational data from crab nebula observations, each of
the un-calibrated (T4) and calibrated (Ta_cy =
b gy;igf Tss) [25], antenna temperatures, were esti-
mated and demonstrated in Fig. 4.

In addition (Fig. 5-a), shows the resultant flux
density of the crab nebula via Eq. (5), along with the
calibrated flux density (S,_cq.) (Fig. 5-b), which was
computed by the following equation [26]:

2kTA—cal

Sv—ml = A (7)

Finally, to review our finding, the calibrated
degree per flux unit (DPFU,,;) was determined from
the following formula [27]:

DPEU,, — L= (8)
Svfcul

For verifying the measured radio data with and
without noise calibration unit, two statistical mea-
surements were applied. First the root mean square

(rms), to describe the amount of variance due to
random fluctuations of the individual measure-
ments, that it is given by [28]:

where x; is the value of the ith measurement of the
antenna temperature, ¥ is the average measured
value of the antenna temperature, and N is the
number of measurements [29]. While the second is
the radiometer equation o(T,), that provides an
indication about the fluctuations in the radio tele-
scope measurement as a function of the antenna
temperature and the duration At and bandwidth Ay
over which the observations were made, and it is
usually given by [30]:

Ty
g(Ty)=
(T4) VAtAD

At and Av are set to be (35 s and 3 MHz).

(10)

4. Conclusions

In this study, radio observations of crab nebula
have been carried out using BURT in order to
investigate the influence of a calibration unit that is
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connected to the telescope. The calibrated and un-
calibrated signals have been compared using sta-
tistical measurements. The results of this study
showed that the calibration unit improved the signal
significantly. The sensitivity of BURT has increased
by about a factor of 10. Furthermore, the rms
decreased from 6 to 0.18, while ¢(T4) decreased
from 0.003 to 0.0003. These are extremely encour-
aging findings, because, as the values of T, and
o(T4) decrease, the sensitivity of detecting a celestial
object increases. The results of the calibrated an-
tenna temperature, flux density, and degree flux per
unit are found to be 1.4 K, 1000 Jy, and 0.001 K/]Jy,
respectively. Hence, the use of a calibration unit
with a radio telescope is essential to improve the
sensitivity of the telescope. It is worth mentioning
here that a similar technique was used by a previous
work to enhance the signal from two galaxies (3C348
and 3C353) [27]. Their findings are confirmed by this
research, in the sense that the sensitivity of the
telescope is enhanced when a unit calibration unit is
used to observe astronomical sources.

In addition, a future work is planned to imple-
ment the image processing techniques in order to
explore the radio signal from astronomical sources.
This future work involves using techniques that are
similar to those applied by previous studies [31].
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