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Students and hobbyists have long participated in 
making observations of the night sky, and have indeed 
made significant contributions to the field. A recent 

example is the global excitement surrounding the dimming 
of Betelgeuse, which has been carefully documented by 
amateur astronomers using off-the-shelf telescopes and 
detectors. Similar participation in radio astronomy has 
been elusive, however — until now with the advent of an 
inexpensive “do it yourself” (DIY) radio telescope. Not only 
can students and hobbyists make observations of the sky day 
and night with the finished product, but they gain skills and 

Figure 1: New undergraduate students from West Virginia University with their 
student-built radio telescope, named Alexander, in operation at the Green 
Bank Observatory (GBO) in West Virginia. The horn-shaped telescope was 
constructed from bubble wrap insulation, and other commercially available parts 
and electronics. The students observed our Milky Way galaxy, using GNU Radio 
software modified by the team. This software is optimized for observation of 
neutral hydrogen atoms at 1420.4 MHz.
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satisfaction from building their own instrument and testing 
its performance. This is truly a “making” experience.

Radio Astronomy is an important “branch” within 
the field of astronomy. Since the 1950s, large radio 
telescopes have enabled astronomers to discover the 
cosmic microwave background radiation, infer the 
existence of black holes, 
make the first detection 
of gravitational waves 
(if indirectly), and make 
exquisite tests of Einstein’s 
theory of general relativity. 
The National Science 
Foundation (NSF) invests 
more than a hundred 
million dollars a year in 
radio astronomy research. 
NSF facilities include 
some of the most sensitive 
telescopes in the world 
(Figure 1). Finding ways to 
include the public in this 
amazing field has been 
a key motivation in our 
work.

Several groups have been collaborating over the past 
few years in designing, building, and documenting radio 
telescopes intended for use by high schools, colleges, 
hobbyists and other science aficionados. In addition to 
myself, our DIY radio telescope team includes middle 
and high school teachers, undergraduate students, staff 
at the Green Bank Observatory, and faculty from West 
Virginia University (WVU). 

It all started when I started tinkering with horn 
telescope designs. The main rule was that all of the 
materials had to be readily available at the hardware 
store, or via Amazon. Once a working prototype was 
in hand, it was time to engage the uninitiated. One of 
our earliest attempts was with rising college freshmen 

and sophomores who 
worked in teams to 
improve on the original 
prototype during a 
two-week summer 
program. With no prior 
experience, students 
created two operational 
systems, which they 
named Alexander and 
Bess. Their experience 
was mostly successful, 
and we learned how to 
improve documents 
describing construction 
and operation. We’re 
incorporating lessons 
learned into revised 
documentation, 
published on the web 

at https://github.com/WVURAIL/lightwork. There you’ll 
find images of the telescopes constructed, videos 
introducing the software, and memos describing the 
more detailed aspects of construction.

Meanwhile, Kevin Bandura, an engineering professor at 
WVU, had begun a six-week research program for teach-
ers called Digital Signal Processing for Radio Astronomy, 

Figure 2: Selected NSF Radio Telescopes. For a full list of NSF astronomical facilities see: 
https://www.nsf.gov/news/special_reports/astronomy/facilities.jsp

https://github.com/WVURAIL/lightwork
https://www.nsf.gov/news/special_reports/astronomy/facilities.jsp
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or DSPIRA (Figure 3). Ten teachers signed up that first 
year and began to construct their own horn antennas. 
Now in its fourth year, DSPIRA teachers have developed 
some outstanding projects for students that would be 
fun for any enthusiast. 
 
Build a Telescope!
As Figures 1 and 2 show, radio telescopes have a remark-
able variety of shapes and sizes. The simplest telescope 
is shaped like a funnel to gather all the radio signals and 
detect the signals with a sensitive amplifier. Figures 2, 
3 and 4 show telescopes created by students, teachers 

and hobbyists. Teachers and students enjoy using tools 
to build radio telescopes. Professor Bandura has worked 
with high school teachers to develop step-by-step in-
structions. These instructions are available at our web-
site: http://www.WVURAIL.org/
 
Radio Astronomy Software 

Radio telescopes don’t have eye pieces; instead they 
have computer screens. The software was once too 
complicated and expensive for hobbyists and high 

school students. Now incredibly capable software is available 
for free through GNU Radio. GNU Radio is a free and open-
source software development toolkit that provides signal 
processing blocks to implement Software Defined Radios 
(SDRs, see gnuradio.org). GNU Radio has great tutorials and 
instructions to get students started. In addition, anyone 
can contribute their own projects to the effort. The radio 

Figure 3: WVU professor Kevin Bandura (3rd from right) and WVU graduate 
student Pranav Sanghavi (at right) standing with teachers after completing one 
of their radio telescopes. The teachers have produced classroom activities that 
they use in conjunction with the telescope project (See Classroom Activities  
at wvurail.org/cra).

Figure 4: Left: Green Bank Observatory student Evan Smith and educator Sophie 
Knudson by an early prototype radio telescope. Bigger telescopes are more 
sensitive, but more difficult to transport. Right: More telescopes can be used to 
map the sky quickly.

http://www.WVURAIL.org/
https://wvurail.org/cra/
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astronomy software we use is kept on GitHub.com, a software 
sharing site, that enables free downloads of software 
projects. The data taking software, shown in Figure 6, is 
available to anyone with a computer via http://www.github.
com/WVURAIL/gr-radio_astro.

Observing the Invisible Universe
These DIY radio telescopes are perfect for detecting the 
faint radio signal produced by hydrogen atoms. Just like 
your favorite radio station transmits at a very specific 
frequency, hydrogen atoms emit a radio signal at 1420.41 
MHz. This is a radio spectral line, which was, not coinci-
dentally, discovered in 1951 by Harvard graduate student 
Doc Ewen using a small horn antenna!

Background on Hydrogen Spiral Galaxies
Spiral galaxies, like our Milky Way galaxy, have a disk 
structure with spiral arms and clouds of gas. Much 
of the gas is in the form of clouds of single hydrogen 
atoms. These clouds are also concentrated in the disk, 
but the hydrogen emission measured is weak, yet 

Figure 5: Two screen captures of YouTube videos introducing GNU Radio to 
students and hobbyists. 

Figure 6: GNU Radio software running the design our group created to capture 
astronomical signals. The interface was written using the GNU Radio companion 
program. All the plots are easily created. The students set and record different 
aspects of their observations. The red spike plot on the left shows the intensity 
of the signal detected in the telescope. The right plot shows the spectrum of the 
hydrogen gas. The blue peaks at the center of the graph show the intensity of the 
arms of the galaxy seen by the telescope.

detectable, in all directions in the Milky Way. It’s hard 
to know the shape of our own galaxy from our position 
inside it, but we can get clues from neighboring galaxies 
like the giant spiral in Andromeda.

The Andromeda galaxy shown in Figure 7 has a 
structure similar to the Milky Way. The top of Figure 
7 shows an optical image of the Andromeda galaxy. 
The bottom of Figure 7 shows the hydrogen gas in the 

http://www.github.com/WVURAIL/gr-radio_astro
http://www.github.com/WVURAIL/gr-radio_astro
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galaxy extends far beyond the optical light. You can see 
the spiral structure in both images.

Radio Telescopes Give Clues  
to the Structure of the Milky Way
Like stars, the hydrogen gas is concentrated in the 
arms of the Milky Way, and it is easier to map the 
spiral structure using the radio waves from hydrogen. 
Radio signals pass through the dust that blocks optical 
light, meaning that we can detect radio signals from 
the entire disk. Figure 8 shows an annotated plot of 

Figure 7: Optical and Radio Images of the Andromeda Galaxy. The blue dashed 
circle illustrates the size of the orbit of our solar system around the center of the 
Milky Way. The yellow curved arrow shows the direction the stars and hydrogen 
gas are moving in orbits around the center of Andromeda. 

observations with horn radio telescopes marking the 
velocities and intensities corresponding to features of 
the Milky Way.

Mapping Our Milky Way
The telescopes the students and hobbyists build can 
map the entire sky, showing the disk of our Milky Way 
galaxy, day or night. The entire sky can be mapped in a 
single 24-hour period, if you have the energy. If you have 
more time, it is easier to leave one’s telescope pointed 
at a different telescope angle each night and record the 
radio brightness as the sky rotates. Each day you will 
find the Milky Way disk twice, because we are inside the 

Figure 8: Student radio telescope observations of the Milky Way over a few days. 
The left plot shows observations in different directions in the disk of the Milky 
Way. The x axis shows speed (in km/sec) of the gas relative to the Earth. Negative 
velocity means the gas is moving towards us, and positive means movement 
away from us. The arms of the Milky Way have different velocities relative to the 
Earth, so can be identified by the arm velocities and intensities. Hydrogen gas 
close to the Earth is also moving at about the same speed as the Earth, so has 
zero relative velocity. The right plot shows observations up out of the galactic 
disk, so less hydrogen is seen.
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Milky Way. We’ve created some software to convert the 
spectra into sky maps as seen in Figures 9 and 10.

Conclusions
We’ve shown that high school students, teachers, and 
hobbyists can build their own radio telescopes. We’re 
not the only ones bitten by the DIY bug. Variations of DIY 
horn radio telescopes are popping up on campuses from 
Harvard to El Paso Community College to home-school 
classrooms, as evidenced by posters at the recent Ameri-
can Astronomical Society meeting. 

We welcome others to join our efforts or create their 
own research program. The National Science Founda-
tion seeks investigators and educators who can expand 

the education program and contribute to scientific 
discoveries. We hope you will join us in training the next 
generations, and take on radio astronomy as a hobby 
yourself.
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Figure 9: Mapping the Milky Way galaxy from one’s own back yard. The x axis 
is time of day, in hours, and the vertical axis is declination, showing where the 
telescope was pointing. The color shows the intensity of the hydrogen gas in that 
direction. Red is highest intensity and dark blue is the least. The red streaks are 
the disk of the Milky Way, containing most of the stars and hydrogen gas. Each 
day the students would tilt the telescope to a different angle while recording the 
angle with the software interface.

Figure 10: Another mapping of the Milky Way galaxy from one’s own back yard. 
This time the x axis is the galactic longitude and the y axis is galactic latitude. In 
this coordinate system, the center of our galaxy is at coordinate 0,0. Again, the 
color shows the intensity of the hydrogen gas in that direction. The Milky Way 
galaxy has a disk and the hydrogen gas intensity is strongest along the disk of 
latitude=0. Part of the southern sky is always below the horizon in my backyard. 
We need to take a few more observations to get a complete map of the sky.

https://nsf.gov/awardsearch/showAward?AWD_ID=1649323
https://nsf.gov/awardsearch/showAward?AWD_ID=1649323
https://www.nsf.gov/awardsearch/showAward?AWD_ID=1611114
https://www.nsf.gov/awardsearch/showAward?AWD_ID=1611114
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