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Solar Measurements for 21 cm Wavelength Using 3 m Radio

Telescope
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Abstract—Solar hydrogen line emission has been observed at the frequency of 1.42 GHz (21 cm
wavelength) with 3 m radio telescope installed inside the University of Baghdad campus. Several
measurements related to the sun have been conducted and computed from the radio telescope
spectrometer. These measurements cover the solar brightness temperature, antenna temperature, solar
radio flux, and the antenna gain of the radio telescope. The results demonstrate that the maximum
antenna temperature, solar brightness temperature, and solar flux density are found to be 970 K,
49600 K, and 70 SFU respectively. These results show perfect correlation with recent published studies.

1. INTRODUCTION

Most of the radio data obtained from distant objects like stars, galaxies, pulsars, and quasars are useful
for studying the universe. One of the important radio data is the hydrogen line emission at 21 cm
wavelength, and this line has different applications in radio astrophysics [1]. This line arises from
transitions between the hyperfine structure levels in the ground state of the hydrogen atom. A lot of
radio emissions especially from the sun have been studied over decades [2]. Also, many empirical models
have been proposed for the solar atmosphere based on spectral lines emissions using Very Large Array
(VLA) [3]. Solar radio observations at frequency of 1.42 GHz (equivalent 21 cm wavelength) provides
valuable information on the structure and dynamics of the solar atmosphere. At this frequency, we could
measure the solar brightness temperature, solar radio flux, and understanding the basic of the physical
processes operating in quiet and active regions of solar atmosphere [4]. Most of the solar radio waves
originate from the chromosphere and corona. The propagation of these radio waves depends basically
on the index of refraction in these layers. Each value of the index of refraction is related to an electron
density and a critical frequency. If this frequency of the solar atmosphere below this critical frequency,
then the propagation becomes impossible and vice versa [5].

One of the important issues is the solar brightness temperature at centimeter wavelengths measured
by different technical methods. Since 1960, the first published studies determined the brightness
temperature of the quiet sun at 21 cm wavelength. The technique that has been used for that study is
an aerial system which consists of two long arrays, each made up of 32 steerable and spaced by 12.2 m
apart on a 380 m base line [6]. In 1968, another paper measured the brightness temperature of quiet
sun at centimeter, millimeter, and infrared wavelengths [7]. Solar observations were made with a single
dish of 27 m diameter using frequency — agile receiver at 20 frequencies over the range 1.4 to 18 GHz by
Zirin et al. [8]. Many authors have made compilations of the solar brightness temperatures at microwave
and millimeter ranges by different observation techniques [9]. The development of the interferometry
technique leads to recording the first solar radio image at Kit Peak National observatory using 21 cm
wavelength [10].
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Nowadays, solar radio physics is one of the most rapidly developing fields of astrophysics after
developing the observational facilities such as Chinese Spectral Radio Heliograph (CSRH), Siberian Solar
Radio Telescope (SSRT), and Atacama Large Millimeter/Submillimeter Array (ALMA) [11]. Other
observing systems are used to observe solar radio emissions, and one of the most important observing
systems is a broadband radio spectrometer. It plays an important role in observing and revealing the
physical processes of the solar atmosphere. There are several solar broadband radio spectrometers
running in the world, such as Phoenix at ETH Zurich (100–4000) MHz, Ondrejov Radio Spectrograph
in the Czech Republic (800–5000) MHz, and Brazil broadband spectrometer (200–2500) MHz. All the
above spectrometers are single dish telescopes which receive the radio emission of the full solar disk
without spatial resolution [12].

2. METHODOLOGY

2.1. Theoretical Concepts

The Plank’s law for blackbody radiation is given by [13]:

B =
2hv3

c2

1

ehv/kT − 1
(1)

where B is the brightness (intensity of specific frequency) measured in (W/m2/Hz/rad2), h the Planck’s
constant (Joule. second), v the frequency in Hz, k the Boltzmann constant (Joule/K), c the speed of
light, and T the source temperature in K.

In the centimeter wavelengths regions (hv ≪ kT ), this provides the Rayleigh-Jeans approximation
for blackbody radiation at radio wavelength (λ) [13]:

B =
2KTv2

c2

2kT

λ2
(2)

The concept of the antenna temperature (TA) could be defined as the temperature of antenna radiation
resistance, which equals resistance temperature. TA is created due to the relation between the power
radiated by the source, which is associated with the brightness temperature TB , and the antenna
normalized power pattern P (θ,Φ). Consider a receiving antenna that is pointed at a source brightness
distribution B(θ,Φ) when the source power radiated intercepted by the antenna terminals creates power
called antenna power PA. TA is associated with PA at antenna radiometer, and PA could be given by [14]:

PA =
1

2
Ae

∫ ∫

B(θ,Φ)P (θ,Φ)dΩ (3)

where (θ,Φ) are the azimuth and elevation of the source. Ae is the effective aperture of the radio
telescope antenna, and dΩ is the element solid angle. Utilizing Raleigh-Jeans limit. Therefore, the
brightness distribution given by Eq. (3) can be changed by an equivalent TB , and TA can be given by
the following equation [14]:

TA =
1

2k
Ae

∫ ∫

TB(θ, φ)P (θ, φ)dΩ (4)

This means that TA is equivalent to the convolution between the source brightness temperature and
beam power pattern of the radio telescope. Using the Nyquist theorem can introduce TA by [15]:

TA =
PA

k∆v
(5)

where ∆v is the bandwidth frequency of the telescope radiometer in Hz.
In the case of the solid angle Ωs subtended by the source is much larger than the solid angle

subtended by the antenna ΩA, and this leads to assuming that TA is exactly equal to TB . If the source
does not completely fill the beamwidth, i.e., ΩA ≫ Ωs, the measured TA will be less than TB , then TB

is given by [15]:

TB =
ΩA

Ωs
∆TA (6)
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∆TA can be written as [16]:
∆TA = TAon−source

− TAoff−source
(7)

Eq. (7) represents the subtraction between TAon−source
due to the observed source and TAoff−source

due
to the sky background.

For a discrete radio source of temperature T and a source solid angle Ωs, the source flux density
(s) in Rayleigh-Jeans limit is obtained by integration over the source Ωs [17]:

s =

∫

2kTBv2

c2
dΩ (8)

If TB of the source is uniform across Ωs, this is reduced to [18]:

s =
2kTB

λ2
Ωs (9)

The observed radio flux density of the source can be written in terms of TA as [18]:

s =
2kTA

λ2
ΩA (10)

Eq. (9) and Eq. (10) are equivalent.
Equation (10) can be written as:

s =
2kTA

Ae
(11)

The real observed solar flux density (so) should subtract the contribution of the sky background (ssky)
as given by [19]:

so = s⊙ − ssky (12)

where s⊙ is the flux density on the surface of the sun.

2.2. Observations and Data Reduction

The 3m University of Baghdad radio telescope is used to observe the sun in this study. This telescope
has focal length of 1 m, 5 degrees beamwidth, and 3.7 degrees of Half Power Beam Width (HPBW)
which represents ΩA measured by sun drift scan technique [20]. Aperture efficiency of this telescope
(η) is (0.54) measured by observing Cassiopeia-A source [21]. First of all, any radio telescope should be
calibrated before any process of observation. Our telescope has been calibrated using the sun and the
moon as a reference source. This calibration is applied to two methods including antenna position and
radio detector calibrations [22]. This telescope can make daily measurements of the radio signals at the
frequency of 1.42 GHz. The spectrometer software of this telescope divides the received data into 600
channels of the frequency. These channels are used to obtain the amplitude of the measured power in
unit (dBm). The values of this power are divided according to the frequency channels and arrangements
as rows data. This power has been obtained after setting the optimum values of spectrometer parameters
of the radio telescope. These parameters are span, sweep time, center frequency, Resolution Bandwidth
(RBW), and Video Bandwidth (VBW).

The best solar observations are recorded using spectrometer parameters as listed in Table 1.

Table 1. Selecting spectrometer parameters values.

Source Date Local Time
Input Value of

Spectrometer Parameters

Sun 30-12-2018
12:02
Noon

Center
Freq. (Hz)

Sweep
Time (Sec.)

Span
(Hz)

RBW
(Hz)

VBW
(Hz)

Noise

Background
21-1-2019

6.06
Night

1.42 × 109 30 2× 107 105 10

These values are chosen after many attempts. The telescope is pointed to the sun’s position
(azimuth = 179◦, elevation = 33◦). The observations are then recorded within 5 minutes to ensure that
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the sun remains within the beamwidth. Sky background noise is estimated after the sunset (the sun
is completely disappeared). This estimation is then subtracted from our observation in order to avoid
unwanted noise error. It should be pointed out here that the sky background noise is also recorded
within 5 minutes in order to maintain the signal and noise observations in the same size.

3. THE RESULTS AND DISCUSSIONS

Our telescope saves the observed radio data into a notepad sheet and then transferred to Excel. This
sheet is imported to the MATLAB environment to implement many processes such as the conversion
units of the observed power data, applying most equations that are listed in the theoretical section, and
displaying the results. All the results of this article are plotted as a function of frequency in order to
reveal the quality of the radio telescope at the center frequency of our detector (1.42 GHz).

Figures 1 and 2 demonstrate the received power as a function of frequency for the sun and sky
background noise, respectively.
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Figure 1. Received power (dBm) as a function of v (GHz) (date Dec. 30, 2018).

Figure 2. Received sky background power (dBm) and v (GHz) (date Jan. 21, 2019).

The center portion of Figure 1 is extracted, and a Gaussian function is then made to fit the observed
data. The quality of fitting is verified by using Cross Correlation Coefficient (CCC ) criterion [23]:

CCC =
σxy

σxσy
(13)
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σxy =
1

N

∑N

i=1
(xi − mx)(yi − my) (14)

where x and y represent the received power data and fitted data, respectively. σxy is the standard
deviation for both real and fitted data. σx and σy are the standard deviations of the observed power
data and fitted data, respectively. mx is the mean value of the observed power data, and my is the
mean value of the fitted data. N is the number of frequency channels (here N = 600 channels).

The optimum value of CCC that verifies the fitting Gaussian function, shown in Figure 3, is found
to be 0.799. This value shows high correlation between the observed and fitted data.

Figure 3. Real data (solid line) and its Gaussian fitting (o-).

The received powers for the sun and sky background are converted to the temperatures (K) via
Eq. (5) using k = 1.38 × 10−23 (Joule/K) and ∆v = 2 × 108 Hz. The measured TA due to the sky
background is then subtracted from the measured TA due to the sun via Eq. (7).

The results are shown in Figure 4.
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Figure 4. (a) TA (K) due to the sun as a function of v (GHz). (b) TA (K) due to the background as a
function of v (GHz). (c) The subtraction (b) from (a), and (d) logarithmic scale of (c).
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The logarithmic scale is used to reduce the dynamic range between the values of TA and gives more
details about the behavior of the curve. A sharp transition reaches zero due to the subtraction which
means that TA for the sun and sky background are equal at this point, as shown in Figure 4(d).

TB is computed according to Eq. (6), using Ωs = 0.5◦, ΩA = 3.7◦. The results are shown in
Figure 5.

(a) (b)

Figure 5. (a) TB (K) as a function of v (GHz), (b) logarithmic scale of (a).

The observed solar flux density is computed in two units via Eq. (12). The first is the Solar Flux
Unit (SFU), and the second is the Jansky (Jy). Using SFU = 104 Jy or SFU = 10−22 W·m−2Hz−1 and
Jy = 10−26 W·m−2Hz−1.

The results are illustrated in Figure 6.

(a) (b)

Figure 6. (a) so (SFU) as a function of v (GHz), (b) so (Jy) as a function of v (GHz).

These computed results are compared with Natural Resources Canada [24], Jodrell Bank Internet
Observatory of Manchester University, and the values of TA, TB are compared with MIT Haystack
observatory reports [25].

Finally, the gain (G) of the reflected parabolic antenna can be defined as the ability of the antenna
to transform the available power at its input terminal to the radiated power. This quantity is used
to measure the total power radiated by the antenna in practice. Our antenna gain is computed as
follows [30]:

G = 10 log10

[

4πA

λ2
η

]

(15)

where A is the geometrical area of the radio telescope antenna (m2) for our telescope (A = 7.06 m2),
and η is the aperture efficiency. η can be obtained from the surface integral of the radiated power (pr)
over the radiation sphere divided by the input power (po). η is a measure of the relative power radiated
by the antenna to the input power as given by [27]:

η =
pr

po

∫ 2π

0

∫ π

0

G(θ, φ)

4π
dΩ (16)
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and can be given as [27]:

η =
Ae

A
(17)

The antenna gain against the frequency is computed according to Eq. (15) as shown in Figure 7.
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Figure 7. G (dB) as a function of v (GHz).

G is approximately constant with a little increment over the concentrated region of the frequency
by the radio detector of our telescope.

4. CONCLUSIONS

Several important points can be extracted from the results of this study.

1. The rad1io telescope spectrometer parameters are crucial parameters that control the observed
signals. These parameters are considered primarily responsible for revealing the observed signal
from the noise level. The best values of these parameters have been selected depending on empirical
attempts, as displayed in Table 1.

2. Maximum value of TA is 970 K. This value has been determined according to the strength measured
power of the sun, as shown in Figure 4.

3. Total TB profile has been measured and found to be equal to 49600 K. This value is computed
from Figure 5 by taking the summation for all values of TB inside ΩA. TB value is considered very
promising result because it is in a perfect correlation with recent published results.

4. Maximum of so is measured at a time of observation and found to be equal to 70 SFU or 7 × 105

Jy according to the peaks shown in Figure 6.

5. G has a slight increment with the increment of the frequency and is approximately equal to
50.307 dB at 1.42 GHz as illustrated in Figure 7.
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