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Abstract: 
  

We discuss the design and construction of horn antenna for detecting 21cm cosmic radio 
wave. This horn antenna is simple to build compared to a parabolic dish antenna. We 
also discuss the astrophysics of the 21cm line as it is very important in Radio 
Astronomy, several important parameters and also the receiver system of the radio 
telescope which includes our front end and back end instruments. We tried to focus on 
cost reduction while construction of Antenna so that it can be used as project for 
astronomy popularization. We also share our experience we had during one week 
project duration and our practical exposure to GMRT.   
  
 ABOUT IUCAA & RPL  
  
IUCAA  



 

 
The Inter-University Centre for Astronomy and Astrophysics (IUCAA) is an autonomous 
institution set up by the University Grants Commission (UGC) of India to promote the 
nucleation and growth of active groups in astronomy and astrophysics at Indian 
universities. IUCAA aims to be a centre of excellence within the university sector for 
teaching, research and development in astronomy and astrophysics  
  
RPL  
 
Radio Physics Laboratory (RPL) is a joint initiative of National Centre for Radio 
Astrophysics (NCRA) and IUCAA. RPL started in 2006 with a 4-m telescope and provides 
a platform for training college/University students in radio astronomy as well as carrying 
out small radio astronomy projects. The laboratory is located at two sites- one at NCRA 
and one in IUCAA. RPL provides facilities for teaching Radio Physics and Radio 

Astronomy techniques using simple hands-on radio physics experiments for 
undergraduate and graduate students.  
   
1. INTRODUCTION TO RADIO ASTRONOMY  
  
Radio Astronomy is the study of celestial objects that emits radiation in radio frequency 
of electromagnetic spectrum. Radio Astronomy allows us to see the hidden or invisible 
astronomical phenomenon of the universe because the radio waves are not blocked by 
the interstellar medium but the electromagnetic waves of optical frequency are opaque 
to the medium.  
  
Radio telescopes are antennas which are used for reception of radio waves coming from 
an astronomical source. These telescopes are either used singularly or with multiple 
antennas using techniques called interferometry and earth’s rotation aperture synthesis 
to achieve higher angular resolution and be able to observe distant astronomical radio 

sources.  
  

 
Figure 1:  Reber Radio Telescope in Wheaton, Illinois, 1937 (Image Credits: 
Wikipedia)  
  
SOME IMPORTANT TERMS RELATED TO RADIO ASTRONOMY  
  

• Total Energy Emitted: The light output from a source can be described by total 
amount of energy the source emits in its lifetime, in all directions and at all 
frequencies. However, this measurement cannot be readily made as one can 
make measurements only over a finite time period. Hence one has to describe 
the energy detected in that interval of time.   
A more useful quantity is power or luminosity which is energy normalised by the 
time period as we wish to make a measurement that is independent of observed 

time interval.  
   

• Luminosity: The rate at which energy is emitted is called luminosity or power. Its 
SI units is Watts or Joules per second (1 W = 1 Js-1). This is not measurable 

  
Figure  2 :     Galaxy in different wavelengths (Image Credits: public.nrao.edu)   



 

directly since we do not detect all radiation emitted by the source at any instant. 
The majority of it is emitted in all directions other than toward our telescope.  
  

• Flux: The radiation power we detect depends on the size of our telescope. The 
larger the cross-sectional area, the more radiation will be detected and again we 
normalise our measurement by dividing the area of the telescope.  This gives us 
a measure of flux which is defined as the amount of energy per unit time per 
unit area. The SI units of flux are J s-1 m-2 or W m-2.  
  

The power collected by a telescope is the fraction of total luminosity emitted by the 
source that enters the small area of the telescope relative to entire spherical shell of 
radius d  

P = L Aeff/ 4πd2  
The radiation flux is related to luminosity of the source by  

F = L / 4πd2
  

We can only detect this emitted radiation over a tiny fraction of the electromagnetic 
spectrum to which our detector is sensitive.   
  

• Flux Density: It is defined as the flux per unit frequency in the observed spectral 
range.  

Fv = F / Δv  
Where, Δv is the bandwidth   

Flux density can also be defined as flux per unit wavelength when working with visible 
wavelengths.  

Fλ = F / Δλ  
  
As the frequency range can very during an observation, one must again normalise the 
telescopes’ measurement by dividing the flux detected by frequency range over which 

the observation was sensitive. Since this describes the density of flux in free space we 
call it flux density. It is related to the flux by the mathematical relation  

F = ∫Fvdv    
Flux density can be measured directly. The amount of power the telescope receives 
depends on the collecting area and the bandwidth.   
The amount of power the telescope gathers from a source of given flux density is  

P =  FvAeffΔv  
Radio astronomers have defined a unit for flux density after the father of Radio 
astronomy, Karl GutheJansky.   

1 jansky (Jy) = 10-26 W m-2 Hz-1 in SI units  
  

• Intensity: The surface intensity is often referred to as surface brightness is 
defined as the flux density per unit solid angle. If one knows the solid angular 
size of the source, one can calculate the average intensity of the source by 

dividing the measured flux by solid angle of the source.  
Iv = Fv/ Ω  

Several of the important aspects of intensity are:  

1. Flux density does not distinguish the direction from where the photons come 
from whereas Intensity does.      

2. Intensity is independent of distance.  

3. Intensity is a direct measure of an objects’ surface brightness.  
  
MAJOR PIONEERING WORK IN RADIO ASTRONOMY  
  
Karl Jansky was the first to discover a radio signal in 1933 with the period of 23 hours 
56minutes, a characteristic of a fixed star move. This was the first extra-terrestrial 
signal received on Earth.  
  

Grote Reber was inspired by Jansky’s work built a parabolic radio telescope in his 
backyard to explore space in radio frequency. He then conducted first sky surveys 
following repetition of Jansky’s observation. Grote Reber was a pioneer of Radio 
Astronomy.  
  



 

With the end of World War 2, the recycled military radars were used for ionopheric 
research at Cambridge University to observe Sun and study it.  
Martin Ryle and Anthony Hewish developed the Earth’s rotation aperture synthesis, 
widely used in Radio Astronomy nowadays. They used the Cambridge Interferometer for 
producing sky surveys of radio sources.  
  
March 25, 1951, Harold Ewen and Edward Purcell detected the 21-cm line of neutral 
hydrogen in the Milky Way with a horn antenna.In 1963, Arno Allan Penzias and Robert 
Woodrow Wilson discovered the residual radiation of the Big Bang under George Gamow 
trying to eliminate background noise in their transmission equipment.  
In 1967, Jocelyn Bell Burnell detected the first pulsar and was credited with "one of the 
most significant scientific achievements of the 20th Century".  
    

 
Figure 3 Discovery of Pulsar by Jocelyn Bell Burnell        Figure 4 Horn Antenna 
experiment by Ewen&Purcell (Image              (Image Credits: Parkes-   
Champion Post)                                                                  Credits: NRAO)  

  
2. ASTRONOMICAL RADIO SOURCES  

 
  
Astronomical radio sources are the celestial objects which emit strong radio waves. 
There is wide variety of celestial objects which emits radio waves in our solar system as 
well as in distant space. The first radio waves were detected by Karl Jansky who was 
studying the origin of radio interference. The source of this radio wave was found to be 

originated from the centre of our galaxy.  
  
RADIO SOURCES  
  

1. The Sun: Sun is the biggest radio source in our sky as it is the nearest star to us 
and is brightest in almost all frequencies. When the sun is active, it becomes 
more active in low frequencies also.  

2. Jupiter: Jupiter, the largest planet of our solar system produces radio waves with 
centre frequency of 20.1 MHz due to the interaction of magnetic field of the 
planet with electrons. Volcanic activity on Jupiter’s Moon IO is also responsible 
for radio emissions.  
  

  



 

3. The Galactic Centre: The centre of our Milky Way galaxy contains a number of 
radio sources including Sagittarius A* and the super massive black hole. The 
first radio signals from outer space detected were from the centre of our galaxy.  
  

4. Star Forming Regions: Short radio waves are emitted from complex molecules in 
dense clouds of gas where stars are giving birth.The radio frequencies of these 
two molecules were used to map a large portion of the Milky Way galaxy.  

  

5. Radio Galaxy: The galaxy which emits strong radio emissions is considered to be 
a radio galaxy. Active Galactic Nuclei (AGNs) are also a source of radio 
emissions.   
  

6. Cosmic Microwave Background (CMB): It is the background radiation, remnant 
from the early stage of the universe. It is the faint source of radiation and 

important for the study of early stage of our universe.  
  

Sources of radio emissions are:  
 

• Thermal Emissions: Black-body spectrum (E.g. Moon)  

• Free-Free Emission (Bremsstrahlung): Ionized gases (E.g. HI Regions)  

• Synchrotron Emission: Charged relativistic particles in magnetic field (E.g. AGN 
jets)  

• Spectral-Line Absorption: Lines seen against background continuum emission 
(E.g. HI region)  

• Spectral-Line Emission: Atoms, radicals, molecules (E.g. Carbon Monoxide)  
 

For each of the sources one can have many set of equipment to take observations of 

the given astronomical radio source. The preferred types of antennas for different 
frequencies are discussed in next section.  
 
SUITABLE ANTENNA FOR DIFFERENT RADIO SOURCES  
  
For operating antennas at different frequencies, the suitable antenna selection is 
necessary.  

• 0-10 MHz    :    Loop Antenna  

• 14-100 MHz   :    Dipole Antenna  

• 100MHz >    :    Yagi Antenna  

• 1000MHz >    :    Horn or Dish Antenna  
  
3. 21CM HYDROGEN LINE  

 
Physics of 21cm line   
Hydrogen is the most abundant element and hence these neutral hydrogen atoms are 
ubiquitous in our universe. They are found plentiful in low density regions of Interstellar 
Medium (ISM). These Hydrogen atoms are observed in a spectral line called H1 or 21cm 
line. It emits at a frequency of 1420.4MHz which lies in the UHF band of microwave 
window and this is a protected band in Radio Astronomy. This 21cm line is a result of 

“spin-flip” transition which is a result from magnetic interaction between quantised 
spins of proton and electron in the Hydrogen atom. Parallel spin has a higher energy 
than anti-parallel spin.   



 

 
  
The transition occurs when the proton-electron spin states change from parallel to anti-
parallel emitting energy of 5.9µev. This spontaneous transition is highly forbidden and 
has a radiative lifetime of around 11Myrs. Though we cannot observe this in our 
lifetime, there is a vast amount of hydrogen out there and hence we are able to detect 

this transition.   
We cannot detect any spectral lines at RF for molecular Hydrogen as it has no 
permanent dipole moment. The red shifted 21cm line is a very useful probe of galaxy 
formation in the early universe. The redshift occurs due to the expansion of the 
universe. The 21cm line is used to map the distribution of Hydrogen in our Galaxy.   

 
  

Figure 5 HI Distribution in Milky Way (Image Credits: images.nrao.edu)  
  
21cm Hydrogen Line Relevance in Radio Astronomy  
About 99% of the interstellar medium (ISM) is gas which consist of about 90% atomic 
or molecular hydrogen, 10% helium, and traces of other elements. Dust scatters and 
absorbs visible light much more than a gas. The interstellar gas can be seen when you 
look at the spectral lines of a source. Among the broad lines that shift as the two stars 
orbit each other, there are narrow lines that do not move. The narrow lines are from 
much colder gas in the interstellar medium between us and the source. The hydrogen 

gas is observed in a variety of states: ionized, neutral atomic and molecular forms.  
  
The ionized hydrogen emits visible light as the electrons combine with the protons to 
form neutral hydrogen. Both neutral atomic and molecular hydrogen emit in the radio 
region of the electromagnetic spectrum, but the symmetric H2 molecule has no 
permanent dipole moment and does not emit detectable spectral lines at radio 

Figure  4   Formation of 

21 

- cm Line (Image Credits: 

astronomyonline.org) 

  

  



 

frequencies. Neutral hydrogen (H1) atoms are abundant and ubiquitous in low density 
regions of the ISM and those are detectable in the λ = 21 cm (νul=1420 MHz) hyperfine 
line.  
 
Two energy levels results from the magnetic interaction between the quantized electron 
and proton spins. When the relative change from parallel to anti-parallel spin, a photon 
carrying the energy difference is emitted and we observe it as Spectral line of 21cm 
Hydrogen line.  
Red shifted 21cm hydrogen line is a unique and extremely powerful probe of formative 
stages of galaxies and clusters of galaxies in the early universe. So, it is most relevant 
observing 21cm hydrogen line for astronomical observations.   
  
  
4. INTERFEROMETRY  

 
An interferometer measures the interference pattern produced by multiple apertures, 
like a 2-slit experiment. More antennas is equivalent to having more slits. With more 
information you have, you can make much more detailed images.  
The signals arrive at the antennas at slightly different times, depending on the 
antenna’s location in the array. The signal from each antenna is combined with that 
from every other antenna in the correlator, and the delay is being compensated.  
A 2 element interferometer can only produce 1 baseline but N no. of elements can 
produce N (N-1)/2 baselines. For GMRT it is 435 baselines since there are 30 elements 
in the array.   
  
The signal to noise ratio for interferometer is given by:  
                                                    SNR≈ (SG/TSYS  ) N * √(∆ѵ∆t)  

5. GMRT  

 
  
Radio Interferometry is an extended part of radio astronomy. For the development 
purpose we construct arrays of radio interferometer to get a bigger aperture diameter. 
Based on the existing radio telescopes, we can either covert them as a array or we can 
install some extra antennas in such a way that the aperture diameter & the number of 
baselines will be increased so that it will result in study of fainter sources. However, in 
this very early phase of development, GMRT, Khodad, Pune,  
Maharashtra is the best example of  

 
Phased array interferometer.   

  
  
GMRT has 30 parabolic dishes having 45 m diameter of     each. The minimum & 

maximum baseline of the interferometer is 200m & 30 km respectively and hence the 
GMRT array works as a 25 km aperture diameter parabolic dish. The 12 dishes out of 30 
are in a 1x1 square km area that is known as central region. GMRT observe the sources 
in some specific frequency regions i.e. 130-170 MHz, 225-245 MHz, 300360 MHz, 580-
660 MHz, and 1000-1450 MHz with maximum instantaneous bandwidth of 32 MHz. The 



 

effective collecting area is 30,000 square meters at lower frequencies and 20,000 square 
meters at higher frequencies.  

  

 
  
GMRT supports 2 modes of operation i.e. Interferometry and aperture synthesis, Array 
mode (Incoherent and coherent).  
  
6. HORN ANTENNA  

 
Basic structure of Radio Telescope:   

 
Telescopes are an essential 
component in the field of 
astronomy as it is the eyes of 
the observer. Usually the word 

“telescopes” is generally 
associated with optical 
astronomy by a layman. But a 
radio astronomer cannot use 
the same for observing sources 
of radio emission. Basically 
information about flux needs to 
be gathered. Instead Radio 
antennas are used, which act as 
basic component of radio 
telescope. A Radio telescope is 
a specialized antenna and radio 
receiver used to receive radio 
waves from astronomical radio 

sources in the sky Radio 
Astronomy (1-wiki). Antennas 

are devices used for converting electromagnetic radiation into electric current or vice 
versa. This is often done with feed horns and dipoles.  
 
Radio waves observed in Radio Astronomy are fainter, weaker and have to be recorded 
for further processing. A horn antenna serves the same function for electromagnetic 
waves that acoustical horn does for sound waves in a musical instrument such as a 
trumpet. It provides a gradual transition structure to match the impedance of a tube to 
the impedance of free space, enabling the waves from the tube to radiate efficiently into 
space. Basic Horn antenna is preceded by the following mentioned components.  

* Horn Design  

* Metallic probe  

Figure  6   Giant 

Metrewave 
  Radio Telescope (GMRT) at twilight (Image Credits: 

ncra.tifr.res.in) 
  



 

* Low Noise Amplifier (LNA)   

* Band Pass filter  

* Receiver circuit (usually heterodyne/super heterodyne receiver)  
*Analog to digital converter  
  
HORN DESIGN:  
The geometry of conical horn antenna is shown in figure no. ( put the figure no.). The 

geometry of the antenna follows the shown coordinate system.Here in the figure 2a is 
the aperture diameter, L is the length of the Horn, h is the length of flaring section. 2aw  

is the diameter of the waveguide section and the Ɵ0 is the semi flaring angle so the 

flaring angle will be 2 Ɵ0 .  

The phase error can be calculated by this formula ::  
t= A2 / 8λL1   (mm)  

By several combinations of the Aperture Diameter and the Horn length we could 

observe that the given below data is the most suitable data to have low phase error 
with optimum gain.  

Sr.  
No.  

Aperture Diameter (  
mm)  

Horn length (mm)  Phase Error (t)  Gain (dBi)  

1  250  700  0.0531  10.98  

2  200  900  0.0265  9.13  

3  150  1000  0.0134  6.71  

4  450  1100  0.1096  15.77  

5  450  1200  0.0998  15.79  

6  400  1200  0.0789  14.86  

  
In order to design the waveguide we can relate the cutoff frequency  

With the diameter of the waveguide.  
The relation between the diameter of the waveguide and the frequency is :    

aw = (1.8412 x C)/2πfc      (mm)  
METALLIC PROBE: It is a pointed metal tip for making electrical contact in waveguide of 
horn antenna. It connects to the front end of LNA and use to transfer signal to horn 
antenna to receiver block.   
LOW NOISE AMPLIFIER (LNA):The low noise amplifier is the first active component of 
receiver chain. It is an electronic amplifier that amplifies very feeble and low power 
signals without significantly degrading it signal to noise ratio. These are one of the most 
important circuit components present in radio and other signal receivers. Usually, in 
electronics circuits when an amplifier is used noise is introduced in circuitry due to 
passive elements like resisters present in it. LNA is a critical component regarding the 
overall noise figure.  

  
 



 

 Usual antennas also increase the power of both the signal and the noise present at its 
input. But, LNA’s are designed to minimize additional noise.  

 
Figure 7 : Dimensions of the Horn/Flaring and Waveguide. 

  
Designers minimize noise by considering trade-offs that include impedance matching 
Low noise biasing condition and low noise components. A typical LNA may supply a 
power gain of 100 (20 dB) while decreasing the Signal to Noise Ratio (SNR) by less than 
a factor of 2. When you want to study the weak signals typical of radio astronomy, it is 

necessary to maximise incoming signals from waves from space and, at the same time, 
maintain greater stability as possible. The Thermal noise of a system is given by T 
(system) =T1+ (T2/G1) + (T2/G1*G2) +... where G1 is the gain of LNA.  Since the 
noise depends on the first stage noise and gain. Hence, maintaining the noise as low as 
possible in the initial stages is very crucial in radio astronomy.  
 
BAND PASS FILTER (BPF): It is a device that allows frequencies of within a certain range 

and attenuates frequencies outside the specified range. It is combination of low pass 
and high pass filter. Ideal BPF would resemble a step function, with a perfect cut-off 
high and low frequency boundaries and a flat response in between. No band pass filter is 
ideal, that is, is cannot completely attenuate all frequencies outside the desired 
frequency range. LNA is a critical component regarding the overall nose figure. The 
bandwidth of the BPF is difference between the upper and lower cut-off frequencies. In a 
receiver, its main function is to limit the bandwidth of signal to the required frequency 

band. In practice, there is some ‘band edge roll-off’, which is specified in the data sheet 
as Roll-off factor for a given BPF. Here, the signal at the boundaries is attenuated but 
does not fall completely to zero. Therefore Radio astronomers discard the data collected 
at the edges by a BPF, which is likely to be affected by the band edge roll-off.  
 
RECEIVER (Superheterodyne receiver): Superheterodyne Receiver, or superhet as it is 
often referred to, is a special type of receiver that fulfils three functions,  

 



 

 
particularly the first two, in an elegant and practical fashion, as mentioned below.  

• Carrier –frequency tuning, the purpose of which is to select the desired signal.  

• Filtering, which is required to separate the desired signal from other unwanted 

signals that may be picked up along the way.  

• Amplification, which is intended to compensate for the loss of signal power 
incurred in the course of transmission from antenna to the receiver block.    

  
It consists of RF front end receiver which is cryogenically cooled by liquid nitrogen to 
reduce radio noise. A local oscillator provides mixing frequency. It is usually a variable 
frequency oscillator which is used to tune the receiver, using a variable capacitor 
(varicap). The frequency mixer does the actual heterodyning (creating new frequency by 
combining/mixing two frequencies). Hence the name ‘superheterodyne receiver’. The 
incoming radio frequency signal is converted to a predetermined intermediate 
frequency. The result of heterodyning is defined by f (IF) = f (RF) - f (LO) where f (IF) is 
the intermediate frequency, f (RF) is the radio frequency and f (LO) is the frequency of 
Local oscillator. The mixer may inadvertently produce additional frequencies such as 

third- and higher-order intermodulation products. Ideally, the IF bandpass filter 
removes all but the desired IF signal at f (If). A low pass filter needs to be incorporated 
in order to eliminate higher frequencies, f (IF) = f (RF) + f (LO), and only lower 
frequency f (IF) = f (RF) - f (LO) is stored or passed on for further processing.  
  
ANALOG TO DIGITAL CONVERTER:   

  
An Analog-Digital Converter (ADC) is a widely used electronic component that converts 
an analog electric signal (usually a voltage) into a digital representation. Most common 
types of ADCs are flash ADC, pipeline ADC and ADC which works on the principle of 
successive approximation. This step is necessary because most of the after processing is 
done on computers and is mostly automated. Analog to Digital conversion involves two 
steps as mentioned below,  

• Sampling  

• Quantization  
Sampling: A sample is a value or set of values at a point in space. Sampling converts a 
time-varying voltage signal into a discrete time signal which will be a sequence of real 
numbers. The  



 

Sampling rate is defined as the number of samples available at the output per unit time. 
It is specified by Samples per second (SPS). According to the Nyquist theorem, the 
sampling rate must be at least twice the maximum frequency.  
  
Quantization: Sequences of samples are not a digital signal because the sample values 
can take on a continuous range of values. In order to complete analog to digital 
conversion, each sample value is mapped to a discrete level (represented by a sequence 
of bits) in a process. This process is known as Quantization.    
  
19.  

  
  
  

  
Cost Reduction  
  
Cost is a major parameter while working on any project. Even if you have enough 
funding then also you have to minimize the cost to increase the feasibility. In horn 
antenna we reduced the price by using cardboard for the flaring instead of any metal 
sheet. We wrapped the cardboard flaring by aluminium foil to maintain the reflection. It 
reduced our cost around 1000 including the welding charges. Then we further used a 
cheaper Amplifier than the LNA but we designed the Horn Antenna is such a way that 
the noise generated by the LNA will be compensated by the design.  
  
7. Conclusion  

 
On construction of Horn Antenna we could able to observe the presence of Hydrogen in 

space. Basically we are located in offset of our own Milkyway galaxy so; we could 
measure the galactic rotation using Horn antenna.  
As antenna have a narrow beam concentration only at a particular bandwidth. We could 
also observe the 21cm Hydrogen line from redshifted sources and can propose better 
results. We will then compare our results with IUCAA observations and try to search for 
exotic sources and publish combine results.  
Even observing sun at 1420 MHz will be possible using Horn antenna.  
  
  8. Experience  

 
  
It has been a wonderful experience at IUCAA. The academic exposure and friendly 
interactions with Research Scholars and scientists was fruitful. We acquired a better 
understanding of the fundamentals of antenna theory and radio astronomy basics. We 

are deeply thankful to Jameer Sir for his support and effort in making us understand the 
antenna fundamentals from a both physics and technical point of view. Interferometry, 
receiver systems and Fourier transforms was covered in depth, which is one of the 
important aspects in antenna theory. We have been equipped with the fundamentals on 
how Antennas work; this training has proved vital in our pursuit for learning more about 
Radio Astronomy.  



 

  
As we are all from varied academic backgrounds (Mechanical, Electronics and 
Communication and Physics), interactions among ourselves and scholars helped widen 
our knowledge horizon.  
  
GMRT visit was a real-time experience of everything we have learnt and seen. A visit to 
all the receiver, control and imaging rooms gave our learning a practical depth. We 
would finally like to thank Prof. Joydeep Bagchi and RPL team for considering and 
accepting our request for training us. We would also like to express our gratitude to the 
IUCAA management and people working here for providing hospitality and an optimum 
surrounding for greater learning experience. Knowledge, exposure and the memories 
made in IUCAA and GMRT will be cherished for a lifetime. Hope to get an opportunity to 
work with RPL team in near future.   
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