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Abstract. This paper examines scientific and tech-
nical requirements for a specialized radio telescope 
which allows us to make a space weather forecast from 
observations of radio sources that scintillate on moving 
irregularities of interplanetary plasma. It is shown that 
in addition to forecasting the radio telescope can solve 
other scientific problems. A variant of the antenna's 
technical implementation is proposed, and the structure 
of the radio telescope is studied. The radio telescope is a 
spaced antenna array consisting of modules, each with 
16 (4×4) base antenna elements representing 2 orthogo-
nal dipoles. The effective area of a module is 16 m2 at 
the central frequency of 180 MHz; the total operating 

frequency band is 120–240 MHz. The module’s field of 
view is at least 400 sq.deg. in the range ±50° from the 
zenith at the central frequency. The sensitivity drops by 
a factor of 2 at the edges of the field of view. It is 
demonstrated that the telescope consisting of 64 mod-
ules will provide a forecast at least 2–3 times a day. The 
estimated accuracy of predicting the arrival time of cor-
onal mass ejection at Earth is one hour. 

Keywords: space weather, interplanetary scintilla-
tion, forecast, low-frequency observations, Large Phased 
Array (LPA). 

 

 
 

INTRODUCTION 
Interplanetary scintillation of compact radio sources 

was discovered by Hewish in 1964 [Hewish et al., 
1964]. Two years later, the solar wind speed was esti-
mated from observations of interplanetary scintillation 
on spaced antennas [Hewish et al., 1966]. In 1974, cor-
onal mass ejections (CMEs) were identified [Gosling et 
al., 1974], and in 1976 their propagation speeds were 
measured [Gosling et al., 1976; Vlasov et al., 1979]. In 
1979, two-dimensional maps of distribution of the level 
of interplanetary scintillation were drawn which showed 
CME propagation from the Sun [Vlasov et al., 1979]. It is 
obvious that solar flares lead to changes in the solar wind, 
and geomagnetic storms are caused by the arrival of flare 
plasma ejections at Earth (see, e.g., [Wagner, 1982]).  

The charged particle flux coming from the Sun can 
produce various geomagnetic effects: affect low-orbit 
spacecraft (SC) (heating of the atmosphere results in an 
increase in its size, and SC experience deceleration in 
the atmosphere); influence radio wave propagation (the 
ionosphere is excited, giving rise to interference); trig-
ger geomagnetically induced currents in long circuits 
(transformers may be overloaded due to power supply 
failure), etc. (see, e.g., [Petrukovich, 2008]). These ex-
amples emphasize the importance of space weather 
forecasting. 

There are several large centers in the world for which 
forecasting geomagnetic activity is one of the main tasks. 
In Russia, such centers are located, for example, in IZMI-
RAN [http://spaceweather.izmiran.ru/], IPG [http://ipg. 

geospace.ru/space-weather-forecast.html], ISTP [https:// 
iszf.irk.ru/megascience/]. The foreign centers which are 
worth mentioning are NOAA (USA) 
[www.swpc.noaa.gov ], WDC (Japan) [wdc.kugi.kyoto-
u.ac.jp], ESA (Europe) [https://swe.ssa.esa.int /], CESSI 
(India) [http://www.cessi.in/spaceweather /], NSSC 
(China) [http://www.spaceweather.org/ISES/rwc/rwc_ 
cn_a.html]. 

If we consider the activity of these centers, we can find 
common details in space weather forecasting. Long-term, 
medium-term, and short-term forecasts have different obser-
vational frame. For example, we observe a powerful solar 
flare followed by CME, which is associated with a large 
sunspot or group of sunspots; therefore, after a solar rotation 
(27–28 days) we may see the flare again. The forecasting is 
probabilistic and is related to the fact that large sunspots or 
groups of sunspots are long-lived objects and their lifetime is 
longer than one solar rotation. Another type of geoeffective 
large-scale disturbances — coronal hole-associated corotat-
ing interaction regions between variable-speed streams — 
can also be predicted from the 27-day recurrence. This is 
how a long-term forecast is made.  

If sunspots are observed on the limb, in case of a 
flare (the assumption based on the flare statistics) we 
can expect that in 8–12 days we will feel it on Earth. 
This is a medium-term forecast.  

If there are powerful solar flares a day or two before 
or during the passage of an active region through the 
central meridian, they can lead to a CME that reaches 
Earth. From observations of the solar surface and corona, 
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the probable speed of CME and its intensity are calcu-
lated (see, e.g., [Millward et al., 2013; https://ccmc.-
gsfc.nasa.gov/models/WSA-Enlil-at-SWPC~3/]). This is 
a short-term forecast.  

The pattern presented above is very incomplete and 
slightly exaggerated. The main thing in this pattern is 
that space weather forecasting, despite daily observa-
tions of the Sun and its corona from radio ranges to X-
rays, includes an element of unpredictability. Sunspots 
may not produce a flare accompanied by CME, they 
may disappear during a solar rotation, may produce a 
flare a few days before or a few days after passing 
through the central meridian, and therefore the ejection 
may pass by Earth. 

Observations by GOES, ACE, DSCOVR, and Wind 
SC, located at the Lagrange point L1, provide very high 
forecast accuracy [https://www.ncei.noaa.gov/; 
https://www.nesdis.noaa.gov/current-satellite-
missions/currently-flying/dscovr-deep-space-climate-
observatory; https://www.swpc.noaa.gov/products/ace-
real-time-solar-wind]. This point is situated on the Sun—
Earth line at a distance of 1.5 million km from Earth. 
The instruments installed in GOES, Wind, ACE, and 
other SC can measure the direction of the magnetic 
field, which is crucial for forecasting (i.e., after the 
measurement, it becomes clear whether magnetic field 
lines will reconnect and whether there will be a geo-
magnetic storm), as well as estimate the speed and con-
centration of charged particles passing through SC. The 
CME propagation speed can be from several hundred to 
thousands of kilometers per second. It is easy to esti-
mate that at a propagation speed of 1000 km/s CME will 
reach Earth in less than half an hour after passing 
through L1. Owing to the response time of services, 
there is practically no time to prepare for the arrival of 
CME at Earth. 

Thus, the standard forecasting algorithm includes the 
following steps: we observe the Sun and the corona, mon-
itor flares; when observing strong class M and X flares in 
X-rays, we specify the initial velocity of charged parti-
cles, the magnetic field strength, and the particle density 
and calculate the expected time of arrival of an ejection at 
Earth; on SC at L1, we record the actual arrival of CME. 
That is, in the first step, the Sun and its corona are ob-
served; in the next step, the arrival of CME at L1 is moni-
tored and its parameters are determined. 

There are no observations of ejections between the 
Sun and Earth in this scheme, although it was shown 
more than 45 years ago that the interplanetary scintilla-
tion method can measure the CME propagation speed at 
distances from fractions of the astronomical unit up to 
Earth's orbit [Vlasov, 1979]. At first glance, it seems 
inexplicable that the stages of CME recording and esti-
mation of its propagation speed at intermediate distanc-
es between the Sun and Earth are omitted from the fore-
casting procedure. Looking ahead, let us say that this is 
due to the fact that observations of scintillating radio 
sources require radio telescopes which have high sensi-
tivity and can make daily observations during the day-
time. 

The interplanetary scintillation method is generally 
used to study flares post factum (see, e.g., [Bisi et al., 
2010] and references therein). In a routine study, it is 
assumed that for each scintillating source there is a de-
pendence of the scintillation index on elongation (the 
angle between directions to the source and to the Sun 
when observed from Earth), derived from earlier obser-
vations of the radio source. Then, observing a scintillat-
ing source today, we compare its scintillation index m 
with the average scintillation index of the same source 
mav, obtained earlier for the same elongation. This so-
called g index (g=m/mav) provided a basis for CME re-
search. Nonetheless, as shown in [Chashei et al., 2019; 
Lukmanov et al., 2022], considerable differences in the 
annual and monthly average dependence of the scintilla-
tion index on elongation are observed each year, and 
this dependence cannot be used for daily forecasting.  

When forecasting from observations with the Large 
Phased Array of the Lebedev Physical Institute (LPI 
LPA), it was decided to employ scintillation indices for 
adjacent dates [Shishov et al., 2016]. The current scintil-
lation index is divided by the scintillation index for the 
previous day, and in the case of a sharp change in the 
index 1.5 or more times, it is assumed that the ejection 
is on the line of sight. As an example, here is a fragment 
of a Figure from [Shishov et al., 2016], where scintilla-
tion enhancement around the Sun in the form of a ring 
structure is clearly visible (Figure 1). Part of this struc-
ture falls within declinations below –9°, i.e. within a 
region without LPA beams. We drew rings in Figure 1. 
The distance between the inner and outer fronts is less 
than 30° at elongations, or 0.3 AU. 

From observations of scintillating radio sources, we 
can record an ejection [Kojima et al., 1998; Manoharan 
et al., 2001; Shishov et al., 2016; Fallows et al., 2023; 
Morgan et al., 2023], estimate its propagation speed in 
various ways (e.g., [Tokumaru et al., 2012; Glubokova 
et al., 2013; Mejia-Ambriz et al., 2015; Iwai et al., 
2019]), see the symmetry or asymmetry of CME propa-
gation relative to the central meridian, predict the time 
of arrival of corotating structures at Earth [Tokumaru et 
al., 2010; Mejia-Ambriz et al., 2015; Romero-
Hernandez et al., 2015]. Almost all of the above works 
were carried out using meridian instruments, which per-
form observations of scintillating radio sources once a 
day. In the absence of observations for the next day, a 
forecast cannot be made, since scintillation of radio 
sources for two consecutive days is compared. The second 
problem is that for forecasting it is necessary to observe 

 
Figure 1. CME recorded on April 8, 2014. The Sun is lo-

cated inside the yellow zone indicated by the arrow on the 
horizontal scale. A fragment of a ring is seen around the Sun, 
inside of which there is a sharp (twofold or more) increase in 
the scintillation index. Color shades from yellow to purple 
show variations in the scintillation index of sources from 0.2 
to >1.5 between April 7 and 8. We took the Figure from 
[Shishov et al., 2016] and partially changed it 
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many dozens, and preferably hundreds, of compact ra-
dio sources. If an instrument has only one antenna pat-
tern (one beam), observing hundreds of sources a day 
will span the entire daytime of the radio telescope, even 
with its outstanding sensitivity. 

The only instrument that can provide a regular 
space weather forecast from observations of inter-
planetary scintillation is LPI LPA [Shishov et al., 
2016]. Four-year forecasting experience 
[https://sw.prao.ru/] suggests that meridian instru-
ments have fundamental limitations that do not allow 
us to make a forecast in some cases. For example, for 
LPA (reception at a wavelength of 2.7 m), scintillation 
changes should be observed at elongations ~25°–60° 
(corresponds to distances 0.4–0.85 AU). At a propa-
gation speed of 1500 km/s (fast CME), an ejection 
will cover this distance for 12 hrs. If CME propagates 
at night, it will be omitted.  

Note also that researchers using observations of 
scintillating radio sources to study interplanetary plasma 
and individual CMEs have attempted to organize an 
informal community of observers from Mexico, India, 
Russia, Japan, the USA, Australia, Korea, and other 
countries [Bisi et al., 2017].  

Along with meridian instruments, during test obser-
vations of scintillating radio sources, scintillation varia-
tions during CME passage were recorded by the Mur-
chison Widefield Array (MWA) [Waszewski et al., 
2023]. The distinct possibility of recording CME by 
such a system has been demonstrated. The maps show 
the width of the propagating CME front (approximately 
0.1–0.15 AU). The same median values of the CME 
front width (0.1–0.15 AU) are given in [Ghuge et al., 
2025] after analyzing 152 CMEs. 

The main advantage of aperture synthesis systems in 
space weather forecasting is the ability to track CMEs 
by switching over the antenna pattern in both right as-
cension and declination. The main disadvantage of such 
systems is the long processing time when drawing 
maps, i.e. CMEs will be detected only during post-
processing. For meridian instruments, the processing of 
observations can actually be done in real time, since the 
delay is related only to waiting for the source to be rec-
orded as it passes through the meridian, and the pro-
cessing itself occurs almost instantly. 

In this paper, we explore the possibility of develop-
ing a specialized instrument that will allow us to make 
and process observations in near real time. 

 
REQUIREMENTS FOR THE NEW 
RADIO TELESCOPE 

To develop a special-purpose radio telescope that 
can provide space weather forecasts in near real time, it 
is necessary to answer two main questions as to what 
sensitivity the instrument should ensure and how many 
scintillating radio sources need to be observed to make a 
forecast. 

Obviously, the new telescope should realize an aper-
ture synthesis system that will allow us, after the initial 
detection of an ejection, to monitor it along the entire 
front, switching over the central beam in both right as-

cension and declination. To reduce the processing time, 
it is essential that beams directed at preselected scintil-
lating radio sources are formed in the area from which 
the map is synthesized. In this case, the map obtained by 
the aperture synthesis method is unrequired.  

From an observer's point of view, interplanetary scin-
tillation is a random change in the emission flux density 
(intensity) with a characteristic time scale from fractions 
of a second to one second. Daily measurements of the 
fluctuating flux from sources show that at an elongation 
in the source scintillation index there is first a maximum 
and then a gradual decrease. The maximum value de-
pends on angular dimensions of the source and reaches 1 
for a point source, and at large elongations it runs to ~0.1, 
i.e. the maximum difference in the scintillation index can 
be one order of magnitude [Readhead, 1971; Marians, 
1975; Manoharan et al., 1995]. If a source is not point, 
the maximum scintillation index is less than 1 and the 
difference between the maximum and minimum of the 
index will be smaller. The scintillation index m is defined 

as follows: ( )2 22 ,m I I I= −  where I is the ob-

served value of the current intensity. Thus, no matter 
how strong CME is, scintillation index changes will 
always be less than one order of magnitude. In practice, 
these changes amount to 2–6 times, since compact radio 
sources are usually not point and at the best elongations 
their scintillation index is noticeably less than 1. 

The typical depth of the CME front, as indicated 
above, is 0.1–0.15 AU, or 9°–14°. To reliably detect it 
(tracking the front in depth), we must record several 
sources located in the region which the CME has not yet 
reached, in the region of the ejection, and in the region 
that it has already passed. Thus, there should be at least 
2–3 compact sources in the depth of the CME front, 
which the radio telescope must track. Hence, if we pro-
ceed only from the depth of the front, the radio tele-
scope should make observations of sources with a densi-
ty of at least one source per 3–5 sq. deg. 

According to observations, the width of the CME 
front varies very widely, from 2° to 360° in the sky 
plane (see, e.g., [Wang et al., 1998; Yashiro et al., 2004; 
Chen, 2011]). The apparent problem is that we can skip 
a narrow ejection, since we have to see scintillating 
sources on the line of sight, and for a narrow ejection 
going toward us elongations can fall within ε<25°, 
where the degree of interplanetary scintillation in the 
meter range drops sharply. However, no matter how 
narrow the ejection may be, when approaching Earth at 
some moment it will occupy the entire field of view of 
the radio telescope, i.e. we will see it at all elongations. 
We can calculate the distances from the Sun at which we 
have time to predict CME of any width. So, for an ejec-
tion 2° wide, this distance will be less than 1.5 million km 
from Earth, and this means that such an ejection will first 
be detected at L1. In this case, our forecast will be use-
less. Calculations show that to detect an ejection, its min-
imum width should be 20°. In this case, we manage to 
detect the ejection at approximately 0.9 AU from the Sun 
(0.1 AU to Earth). At a CME speed of 1000 km/s (0.1 
AU), the ejection front will reach Earth in 4 hrs, and there 
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will be time for repeated observation allowing us to esti-
mate the propagation speed of the ejection.  

Fortunately, the total number of narrow CMEs is 
relatively small. According to [Yashiro et al., 2004], 
narrow (front width ≤20°) CMEs observed in white light 
ranged from 11 to 23 % (16 % median value) during the 
period 1996–2002. At the same time, even with a slight 
deviation from the Sun—Earth line, the ejection can 
pass by Earth or touch it tangentially without causing 
significant changes in the magnetosphere. 

From the depth of the ejection front and its mini-
mum width, we obtain a 20°×10° region, which, look-
ing ahead, is half the area covered by the antenna pat-
tern of the module consisting of 4×4 antenna elements. 
To accurately estimate the speed of the front, we 
should observe sources ahead of the front, in the CME 
front, and after it. We suppose that for reliable fore-
casting it is necessary to have uniform coverage of the 
sources with the antenna pattern of the module and 6–7 
scintillating radio sources in the CME region before, 
during, and after its passage. Then, at least 20 sources 
should fall within the module's field of view and the 
required minimum source density should be one source 
per 20 sq. deg. 

According to [Artyukh et al., 1998], due to searching 
for scintillating radio sources at a frequency of 102.5 
MHz in an area of size 300 sq. deg. 144 scintillating 
sources with flux density fluctuations ΔS≥0.4 Jy have 
been found. This corresponds to a density of 1 source 
per 2 sq. deg. Assume the minimum level of source flux 
density fluctuations to be ΔS  =0.4 Jy at 102.5 MHz. In 
actual observations, this level of ΔS is not redundant, 
since the recorded value of ΔS decreases with increasing 
elongation, and estimated ΔS from [Artyukh et al., 
1998] refers to observations at the best available elonga-
tions. Thus, in practice, we should be able to estimate 
the scintillation index for sources 2–6 times weaker. 

First of all, it is necessary to determine the operating 
frequency range at which it is planned to observe scin-
tillating sources. The maximum scintillation of compact 
(less than 1") sources in the interplanetary plasma falls 
within the meter radio wave range; in this case, the 
higher the frequency, the lower the elongations at which 
observations can be performed. In the low-frequency 
part of the 30–70 MHz meter range, sky noise is very 
high (high galactic background temperature), which 
reduces sensitivity, as well as there may be a disturbing 
effect of Earth's ionosphere, leading to intense iono-
spheric scintillation of sources and a visible shift in their 
coordinates. Furthermore, the 87–108 MHz range is 
occupied by broadcasting stations. The 240–290 MHz 
frequency band is almost completely occupied by radio 
navigation stations and space—ground telemetry. The 
frequency range 120–240 MHz is, therefore, optimum 
for monitoring the interplanetary plasma by a radio tele-
scope in the meter range. 

From the minimum level of flux fluctuations ΔS= 
0.4 Jy at 102.5 MHz, we can determine the required 
sensitivity of the radio telescope at the average frequen-
cy of 180 MHz of the new antenna's range. With an 
assumed spectral index α=0.7 (S~v–α) for extragalactic 

compact radio sources, the threshold flux density de-
creases to ΔS=0.26 Jy. In view of the decreased sensi-
tivity when the beam deviates from the normal to the 
plane of the phased antenna array (PAA) 4 times for 
elevation angles of 30° or wider, to confidently monitor 
changes in the scintillation index at different elonga-
tions, the threshold sensitivity of the radio telescope 
should provide a signal-to-noise ratio (S/N) of at least 
50 for a source observed at the zenith. Then, under the 
best observation conditions, we can use sources with 
flux density fluctuations 0.26/4=0.065 Jy at S/N=12. 
Artyukh, Tyul'bashev [1996a, b] show that at such val-
ues of S/N it is possible to effectively work with scintil-
lating radio sources. By determining the sensitivity of 
the total power radiometer for the radio telescope, we 
can find the required effective antenna area for a given 
frequency band and signal accumulation time by the 

following formula: 
sys

eff

2
,

SkT
NA

S n
=
∆ ∆nτ

 where S/N=50, 

k is the Boltzmann constant; Tsys is the system tempera-
ture; ΔS is the minimum level of fluctuations in the 
source flux; τ is the signal accumulation time; Δν is the 
receiving frequency band; n is the number of polariza-
tions.  

The system temperature is defined as the galactic 
background temperature plus the receiver temperature. 
According to [Turtle, Baldwin, 1962], the background 
temperature at a frequency of 178 MHz varies from 120 
K outside the galactic plane to more than 2000 K in the 
galactic plane. However, the region of high tempera-
tures occupies a narrow band in the sky plane (less than 
±10° of the galactic plane), and outside the galactic 
plane the background temperature of 200 K at a fre-
quency of 180 MHz can be taken for estimates. Suppose 
that a receiver temperature is 100 K, we get Tsys=300 K 
outside the galactic plane.  

With a signal accumulation time of 15 min, a receiv-
ing band of 15 MHz, and signal reception in two polari-
zations, the estimated effective antenna area should be 
at least 970 m2. 

 
CHARACTERISTICS  
OF THE BASE ANTENNA  
ELEMENT AND MODULE 

Currently, two new-generation radio telescopes are 
known to actively operate at low frequencies (meter 
range): the LOw-Frequency ARray (LOFAR) [van 
Haarlem et al., 2013] and the Murchison Widefield Ar-
ray (MWA) [Tingay et al., 2013]. LOFAR has two an-
tenna systems: low-frequency (30–80 MHz) and high-
frequency (120–240 MHz). MWA operates in the 80–
300 MHz range. Both radio telescopes use a broadband 
dipole as the antenna element of the phased array. 

Characteristics of the PAA element define the operat-
ing frequency range, the field of view of the radio tele-
scope antenna as a whole, as well as the required number 
of elements for a given effective area of the radio tele-
scope antenna. We have selected the operating frequency 
range of the radio telescope from 120 to 240 MHz, and 
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the antenna element should ensure efficient operation in 
this frequency range. The range of angles of deviation 
of the antenna beam from the normal to the plane of the 
antenna array (field of view) is also determined by the 
beam pattern of the antenna element, and its gain (effec-
tive area) directly depends on the antenna pattern: the 
narrower the pattern, the higher the antenna gain. For a 
broadband antenna, its beamwidth and gain depend on 
frequency. Matching the antenna to the load, which de-
termines how much of the received signal power is 
transmitted to the load, is also frequency dependent and 
is an essential parameter of a broadband antenna. 

Note also that antenna arrays employ unidirectional 
antenna elements, i.e. shielded transmitters. The total 
radiation field is formed by the antenna field and the 
reflected field, the distance between the antenna and the 
shield defines the direction of the maximum radiation 
peak. In the direction perpendicular to the plane of the 
shield, the maximum radiation will be at a distance of 
0.25λ (λ is the wavelength) between the shield and the 
antenna, since the antenna field and the reflected field 
are in phase. Due to the fact that the wavelength in the 
operating frequency range varies from 1.25 to 2.5 m, the 
distance from the antenna to the shield is optimized for 
the 180 MHz central frequency of the range. The dis-
tance between the shield and the transmitter also affects 
the antenna beamwidth and gain, the frequency charac-
teristics of the antenna, and its matching to the load.  

As a base antenna element, we can utilize various 
versions of broadband dipoles, as in LOFAR and MWA, 
or broadband closed-loop antennas, as in the prototype 
of a VNF radio telescope with a wide field of view 
[Dagkesamanskii et al., 2020]. In order to select an op-
timal antenna element for the proposed telescope, we 
have examined two antenna elements: a bowtieTriangu-
lar dipole (bowtie dipole) and a triangular closed-loop 
antenna (delta antenna). We have carried out model 
calculations of antenna parameters and experimental 
studies of prototypes of antenna elements.  

Let us list the works that were done, without going 

into further details. For the antenna element, the follow-
ing factors were considered: continuous or discontinu-
ous filling of the dipole; thickness of conductive ele-
ments; load point; load resistance; central receiving fre-
quency; impedance level; antenna resistance depend-
ence on frequency; balun transformation ratio; obtained 
field of view. As a result, we obtained optimal matching 
throughout the operating frequency range for both an-
tenna elements being tested. The elements were mod-
eled using the MMANA-GAL software [Goncharenko, 
2002], as well as the Antenna Toolbox package 
[https://www.mathworks.com/products/antenna.html] 
for the Matlab programming environment. Figure 2 pre-
sents prototypes of the antenna elements under study 
with a 2.5×2.5 m shield, which were built using the re-
sults of modeling of antenna elements. 

Measurements of characteristics of the prototypes of 
the antenna elements confirmed the calculated parame-
ters of the bowtie dipole and the delta antenna. For the 
proposed radio telescope, the bowtie broadband dipole 
turned out to be preferable to the delta antenna, since it 
has a wider field of view and a better antenna matching 
to the load in the 120–240 MHz frequency range. 

Thus, a version of the broadband dipole with the 
shield optimized for a frequency of 180 MHz has been 
developed. Figure 3 depicts the antenna pattern of the 
dipole at a frequency of 180 MHz in the angle range 0°–
180° from the shield plane. The half–power antenna 
beamwidth (in Figure 3, sector C1–C2, highlighted in 
color) is 98°, which is close to the required ±50°.  

At a frequency of 150 MHz, the antenna beamwidth 
is 90°; and at a frequency of 210 MHz, 108°. The effec-
tive area of the dipole drops from 3 m2 at a frequency of 
120 MHz to 0.7 m2 at a frequency of 240 MHz. The 
efficiency of the antenna is also affected by its mis-
matching to the load. For the developed antenna ele-
ment, the power-loss ratio due to the mismatching to the 
load decreases with increasing frequency: 50 % at 120 
MHz and 8 % at 240 MHz. In view of the antenna mis-
matching, the effective dipole area is 1.5–0.65 m2 in the 

 
Figure 2. Antenna elements “bowtie” (left) and “delta” (right) on a test bench 
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Figure 3. Antenna pattern of a shielded dipole at a frequency of 180 MHz in the hemisphere. Numerals along the radius indicate 

the signal amplitude (in dBi) relative to an isotropic transmitter  
 
operating frequency range, approximately 1.1 m2 in the 
middle of the range. To form an effective antenna area 
of 1000 m2, it is necessary to have about 1000 broad-
band dipoles in LPA. 

A large number of LPA elements in correlation pro-
cessing of signals from each element require great per-
formance of the correlator and a wide variety of analog-
to-digital converters with digital signal preprocessing. 

To reduce the amount of calculations, in LOFAR 
(high-frequency part) and MWA radio telescopes some 
of the elements are phased in an analog way, using con-
trolled delay lines to form an antenna module of 16 el-
ements (antenna array of 4×4 base antenna elements). 

This variant is also suitable for the proposed radio 
telescope. The 4×4 antenna module has an antenna 
beamwidth ~20°±5°, depending on frequency and array 
configuration. As a result, the visible area in the sky will 
be 300 or more sq. deg., which, as shown above, allows 
us to simultaneously monitor more than 100 compact 
(scintillating) sources.  

To estimate parameters of the 4×4 antenna module, 
calculations have been made for various distances (array 
spacing) between the module's elements. As is known, 
the beam uniqueness condition (diffraction maximum) 
of the antenna array within actual antenna angles is the 

requirement for the distance between array elements, 
which should not exceed half the wavelength at the op-
erating frequency of the antenna [Voskresenskii, 1981]. 
In our case, the distance between elements of the anten-
na array at the lower frequency of the range should be 
no more than 1.25 m; at the upper frequency, no more 
than 0.625 m. As you can see, in such a wide frequency 
range we cannot ensure the absence of additional anten-
na array beams, since in the upper part of the frequency 
range the distance between elements must be less than 
their geometric dimensions. Moreover, the closer the 
antenna elements are located to each other, the greater 
their mutual influence, which distorts their characteris-
tics. Calculations of antenna module parameters for 
rectangular array spacing d=1.2, 1.1, and 1 m are pre-
sented in Table. 

Calculations were performed for frequencies of 150, 
180, and 210 MHz, and power losses due to dipole mis-
matching are shown for loads of 300 and 200 ohm. The 
dipole matching to the load was calculated with regard to 
the mutual influence of elements in the array; Table lists 
average values for 16 dipoles. Table shows the sector of 
zenith angles (the array is installed horizontally), in which 
the amplitude of the main beam harmonic of the antenna 

 
Output parameters of the antenna module for different frequencies 

Parameter 150 MHz 180 MHz 210 MHz 
d=1.2  d=1.1  d=1.0  d=1.2  d=1.1  d=1.0  d=1.2  d=1.1  d=1.0  

Beamwidth (deg.) 24 25 28 20 22 24 16 18 20 
Effective area (m2) 24 21 17.6 22 19.2 16.5 19.5 18.2 15.4 
Field of view — beam cross-
section area (sq. deg.) 528 576 728 360 440 528 256 324 400 

Zenith angle at beam har-
monic level ≤ side lobes 
(deg.) 

±33 ±45 ±57 ±15 ±25 ±32 0 ±10 ±17 

Power loss due to dipole 
mismatching (mean value, 
%): 
at a load of 300 ohm 
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pattern is lower than the level of the side lobe of the anten-
na array. According to the selected effective area, field of 
view, and antenna matching, the preferred array spacing 
d=1.1 m for the 4×4 antenna module. 

Figure 4 illustrates the calculated beam pattern of the 
antenna module with the 1.1 m array spacing at 180 
MHz. The beams illustrated in Figure 4 correspond to the 
directions formed by the phasing system with a delay step 
Δt=0.5n ns, where n are integers from 0 to 7. The beam 
in the zenith direction (phase delay is 0) is highlighted in 
red, with half-power beamwidth (C1–C2) indicated.  

It is apparent that when the beam deviates from 
the normal to the array plane by 45° or more, the 
principal beam harmonic of the array exceeds its am-
plitude. There is an ambiguity in determining the lo-
cation of sources in the sky. However, during obser-
vations with source signal accumulation (source 
tracking) in full LPA, the speed of apparent motion 
of the sources for different declinations will vary and 
the signal will be accumulated only for the observed 
source, which solves the problem of ambiguity. 

The radio telescope sensitivity, among other parame-
ters, is determined by the intrinsic noise of the receiving 
system. To minimize noise and eliminate signal losses 
in a transmission path from an antenna to a receiver 
input, a signal amplifier should be mounted directly on 
the antenna. With minimum intrinsic noise, this antenna 
amplifier should have a gain sufficient for subsequent 

RF path elements to not increase the receiver noise. 
When calculating the sensitivity of the radio telescope, 
it was assumed that the noise of the receiving system 
does not exceed 100 K, hence the intrinsic noise of the 
antenna amplifier should not exceed this value. At pre-
sent, the element base of radio electronics makes it pos-
sible to apply an antenna amplifier with such parameters 
without high costs. We have developed an antenna am-
plifier with 70 K intrinsic noise and 22 dB gain in the 
operating frequency range. This amplifier was used for 
modeling the 4×4 antenna module. 

For experimental verification, a prototype of the 4×4 
antenna module was developed from a broadband bow-
tie dipole with a shield, a low-noise antenna amplifier, 
and a controlled phasing system with a delay step of 0.5 
ns in the range from 0 to 15.5 ns. 

Antenna module 
Realization 
The antenna module was developed around base an-

tenna elements arranged in the north-south/west-east 
directions in the 4×4 format with 1.1 m spacing between 
the elements. The 4×4 antenna module prototype is il-
lustrated in Figure 5. To receive a signal in two polari-
zations, dipoles of each polarization are structurally 
combined into one element with their orthogonal orien-
tation. Antenna amplifiers are mounted directly on the  

 
Figure 4. Calculated positions of antenna module beams with a delay step Δt=0.5n ns in the hemisphere. The gain of the an-

tenna module is denoted by numerals (in dBi) along the radius relative to an isotropic transmitter 

 
Figure 5. Prototype of the 4×4 antenna module  
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Figure 6. Daily recording of a signal at the output of the antenna module on October 6 and 7, 2024 (red and blue curves re-

spectively). Ionospheric scintillation lasting about 2.5 hrs with a maximum around 23h belong to source 3C 461, which has coor-
dinates in right ascension 23h23m27s 

 
dipoles and connected to the phasing system by coaxial 
cables of equal length. The same cables provide power 
supply to the antenna amplifiers. A metal grid with a 
5×5 cm cell laid on a horizontal platform is used as the 
shield. The module's phasing system is housed in a 
closed metal box. The antenna module has been tested 
for more than a year because it is necessary to assess the 
module's performance and operational stability under 
various atmospheric conditions, including snow cover. 

Observations 
A total power radiometer operating in the 4 MHz 

band at a receiving frequency of 184 MHz was utilized as 
a transceiver for the antenna module. Since the beam 
angular size is ~20° and the effective area of the module 
is ~16 m2, a large number of sources are covered by the 
antenna pattern, including the galactic plane. It is impos-
sible to identify a separate source against this back-
ground. The strongest radio sources 3C 405 (Cygnus A) 
and 3C 461 (Cassiopeia A) become indistinguishable 
against the background of the signal from the galactic 
plane. Figure 6 presents two consecutive daily records. 
The position of the beam in the sky is fixed; therefore, the 
system acts as a regular meridian instrument. At ~23h23m, 
frequent oscillations are visible on the record for October 
6, 2024 (red curve). On that day, according to radio tele-
scope LPA data, a strong ionospheric storm occurred. 
Apparent oscillations are ionospheric scintillation of Cas-
siopeia, which makes it possible to identify this source 
and estimate the module's antenna beamwidth. 

The antenna beamwidth of the 4×4 antenna module 
measured in this case from source 3C 461 at half power at 
a frequency of 184 MHz is 21°±1°, which is in good 
agreement with the calculated value. 

An important practical problem in studying the char-
acteristics of the prototype is to determine the effect of 
precipitation and snow cover on the operation of the 
antenna module, since the antennas are located at a 
height of 35 cm from the Earth surface and it is impos-
sible to protect them against atmospheric precipitation. 
Unfortunately, the winter 2024–2025 turned out to have 

little snow, and Figure 5 shows the maximum snow 
cover. The snow-cover height is ~15 cm, lower angles 
of bowtie dipoles are in the snow. The waveform within 
24 hours did not change in comparison with recordings 
without snow cover; we did not see the effect of snow 
on the antenna module during the winter. Since the 
permittivity of dry snow cover ε=1.1, which differs little 
from air, this result is quite explicable. There was no 
noticeable effect of rain on the module either. The out-
put signal level is significantly affected by changes in 
ambient temperature. Temperature changes in the an-
tenna amplifier gain cause a change in the signal level to 
1 dB, depending on the amount of temperature change 
(the temperature coefficient is ~0.02 dB/deg.). 

Receiving system and correlator 
In this paper, we have examined the antenna part of 

the radio telescope, which determines its main capabili-
ties. Along with this part, there is a receiving system 
designed for signal digitization and a correlator of sig-
nals coming from different modules. Signal digitization 
and correlation are standard procedures that have been 
implemented many times in different versions (see, e.g., 
[van Haarlem et al., 2013; Tingay et al., 2013]), in par-
ticular at the Astro Space Center of LPI RAS [Likha-
chev et al., 2017], which is the parent organization of 
PRAO. These questions concerning the antenna we pro-
pose are supposed to be addressed in a separate paper. 
In this paper, we do not discuss them, but we note be-
low which points should be considered when putting the 
radio telescope into action. 

The receiving system of the radio telescope must 
meet the following requirements: 

• filtering, setting the signal level in channels (ana-
log part); 

• signal digitization (12-bit ADC with a sampling 
rate higher than 500 MHz);  

• operation of all digital receivers from a single 
reference frequency source and their time synchroniza-
tion; 
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•  when processing a signal, a polyphase filter is em-

ployed to desample and form a signal recording band to 32 
MHz with interference suppression, bit reduction up to 8 
bits (the low-order bits write noise and can be eliminated); 

• transmitting the digitized signal with a rate up to 
640 Mb/s in one polarization from a separate module to 
the correlator buffer; 

• buffering data from 128 receiving channels with 
a rate up to 640 Mb/s in the channel at the correlator 
input;  

• real-time correlation. The number of antenna array 
beams generated at a time is at least 20, which is equivalent 
to 20 simultaneously operating correlators. The typical 
source tracking time is from 15 to 30 min. The correlator is 
supposed to be software and is developed around graphics 
accelerators (GPU). 

The general block diagram of the radio telescope is 
presented in Figure 7. The radio telescope consists of 64 
4×4 antenna modules providing a PAA effective area of 
1000 m2 at a frequency of 180 MHz. Each module pro-
vides reception in two orthogonal linear polarizations. 

A signal is received, digitized, and preprocessed by six-
teen 8-channel digital receivers. The digital receivers are 
synchronized by the unified system of reference frequen-
cies and time. The digitized signal is transmitted via fiber-
optic communication lines to the main calculation server 
that provides signal correlation, real-time generation of at 
least 20 independent beams for the observed sources, and 
their tracking for at least 15 min. 

The configuration of antenna modules for monitor-
ing scintillating sources calls for an angular resolution 
of at least 20' (no worse than that of the LPI radio tele-
scope LPA), while there is no task of mapping the zone 
of observation. In this case, the most optimal from the 
point of view of minimizing the cost of communication 
lines and rooms for receiving equipment will be to 
mount the antenna modules at vertices of an equilateral 
triangle with a side 400–500 m (providing 11'–14' angu-
lar resolution at 180 MHz). If it is necessary to expand 
the range of problems, the radio telescope antenna can 

be supplemented with modules for more uniform filling 
of the aperture and better coverage of the UV plane of 
the observed area of the sky. 

 
OTHER TASKS 
FOR THE NEW ANTENNA 

Observations related to space weather forecasting 
are carried out during the daytime. Nighttime can be 
used for other tasks. Let us examine the problem of 
searching and studying pulsars and transients in close 
detail, and also briefly describe other scientific prob-
lems that can be solved with the radio telescope. It is 
planned to employ only 20 beams for forecasting. 
Nonetheless, provided that raw data is stored after the 
daytime session, it is possible to draw maps containing 
3500 beams in a 20°×20° area if the angular resolution 
of the system is 20', and 14500 beams if the angular 
resolution of the system is 10'. 

According to the section “Requirements for the new 
radio telescope”, for the 15 min observation interval in 
the 15 MHz band, ~260 mJy sensitivity at 180 MHz is 
provided. Given that the desired point sampling time is 
about 1 ms for observing pulsars and transients, the sen-
sitivity can be determined for observations of a typical 
slow pulsar with a period of 0.5 s. The instantaneous 
sensitivity will be 4.7 Jy at S/N=1 and 28 Jy at S/N=6. 
By synchronously summing all pulses with a known 
pulsar period on the 15 min interval and with a pulsar 
pulse duration of 10 % of the period, the sensitivity will 
improve to ~0.22 Jy (at S /N=6). 

By observing areas under the Space Weather pro-
gram on a day-to-day basis and accumulating a signal 
over a year, with incoherent summation of the signal 
S /N can be improved 3651/2=19 times, which will allow 
us to search for pulsars with ~11 mJy flux densities and 
conduct their long-term study. During specially orga-
nized observations lasting 8 hours at night, pulsars with 
an integral flux density of 2 mJy can be detected, which 
is comparable to the sensitivity of LOFAR. 

 
Figure 7. Block diagram of a radio telescope for monitoring the interplanetary plasma 
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In addition to searching for new pulsars, previously 

discovered pulsars will be observed every day. We can 
carry out their polarization studies, long-term observa-
tions, which allow us to separate the internal (intrinsic) 
and external (due to the interstellar medium) variability, 
to do timing of pulsars for which it has not yet been 
done, to look for glitches, etc. 

Over the past two years, more than ten so-called 
long-period transients (LPT) have been discovered. Pe-
riods of these transients range from 7 min to 6.45 hrs, 
and the pulse duration varies from tens of seconds to ten 
minutes [Dong et al., 2025; Lee et al., 2025]. The nature 
of LPT is unknown. The main proposed search method 
is to draw maps for different time intervals, and then 
their examination and search for sources that appeared 
from nowhere [de Ruiter et al., 2024]. Daily observa-
tions of the sky will make it possible to detect all 
sources whose flux densities may be fractions of Jy. 

Along with pulsars and transients, the telescope's 
field of view covers at least 200 scintillating radio 
sources in each observed area, i.e. approximately from 
2000 to 4000 sources every day if we observe 9–18 are-
as per day (see the next section). Light curves for sever-
al years will allow us to see scintillation of sources in 
interstellar plasma and to reconstruct the distribution of 
plasma on the line of sight with high accuracy at 2–4 sq. 
deg. angular resolution over the celestial sphere 
[Tyul’bashev et al., 2019]. 

The observations are made in the 15 MHz band, 
which can shift from 120 to 240 MHz. If raw data is 
stored, we can form arbitrarily narrow frequency 
channels and observe spectral lines having different 
origins. These lines can also be accumulated over 
long-term periods. 

 
DISCUSSION 

The module's field of view is ~20°×20°. Observations 
should be carried out at elongations greater than ±25°, i.e. 
central 50° of the front (part of the ring structure of CME) 
going toward us is not seen in scintillation. However, if an 
ejection goes directly toward us, the same changes in the 
scintillation index should be observed beyond elongations 
±25°. Recall that scintillating sources with flux density 
fluctuations of 0.065 Jy at S /N=12 will be found at the 
zenith and in the center of the antenna pattern. 

At the elongations, it is necessary to cover areas lo-
cated between 25° and 90°. The recording time is 15 
min. The front width and depth to be covered are 20°. It 
is, therefore, necessary to observe nine areas. Examina-
tion of these areas will take ~2 hrs. 

If an ejection is detected inside the examined area, we 
should observe the area, located mirror symmetricaly to 
the meridian passing through the Sun, relative to the area 
with the ejection. Such observations will record scintilla-
tion indices on both sides of the Sun and give the exact 
direction of CME propagation relative to the Sun—Earth 
line [Glyantsev et al., 2014]. Alternating the two areas, 
where the ejection should occur, we will determine its 
speed. So, at the 1000 km/s speed, the ejection will travel 
a distance of 1 AU (or at elongations from 0° to 90°) for 

~41.7 hrs (or 2° at elongations per hour). After detect-
ing the ejection, we can switch every half hour (15 min to 
areas on different sides of the Sun) to the expected loca-
tion of the ejection and very accurately assess the speed 
of its propagation. For a typical ejection with a speed 
800–1000 km/s, we can estimate the propagation speed 
5–6 times during two days of observations. Currently, it 
is possible to measure the CME speed from LPA obser-
vations 1–2 times during its passage, i.e. during 2–3 days. 
Since we can estimate the speed several times a day, the 
accuracy of estimating the time of CME arrival at Earth is 
expected to be better than that from LPA observations 
(now the typical accuracy is 1–3 hrs [Glyantsev et al., 
2015]). The expected accuracy of predicting the CME 
arrival with the new antenna is at least one hour. 

On the other hand, new CMEs cannot be excluded to 
occur. The best way is, therefore, to conduct observations 
2–3 times a day (time expenditure is 1–1.5 hr) until an 
ejection is detected, and then to spend the remaining time 
searching for possible new CMEs. The proposed approach 
allows us to make a forecast several times a day. 

For space weather forecasting, we have explored a 
version of the radio telescope, which consists of 64 an-
tenna modules or 1024 base antenna elements. What 
will change if there are 32 or 128 modules? Since the 
effective area is directly proportional to the number of 
modules, the instantaneous sensitivity of the antenna 
will decrease/increase twofold. 

First, take another look at the 64-module radio tele-
scope version. As noted above in this section, sources 
with ΔS=0.26 Jy can be easily detected when observed at 
angles close to the horizon and at the edge of the antenna 
pattern. This corresponds to ΔS≥0.4 Jy at 102.5 MHz. 
According to [Artyukh et al., 1998], in a 450 sq. deg. area 
there are 214 scintillating radio sources. Accordingly, one 
source covers 2.0 sq. deg. There should be an average of 
190 sources with such flux densities in the module's field 
of view (400 sq. deg.). Observations are planned in 20 
beams, so we need to select 20 of these 190 sources, 
which we will observe at the selected area. 

When realizing the radio telescope consisting of 32 
modules, to compensate for the decreased sensitivity, it is 
necessary to increase the observation time fourfold, i.e. 
instead of 15 mins, one hour will need to scan one area. It 
will take nine hours to survey nine areas All other condi-
tions being equal, forecasting will be possible once a day. 
There will be no time left to survey areas located at elonga-
tions on the other side of the Sun when assessing the sym-
metry of an ejection relative to the Sun—Earth line. At 
best, the speed will be estimated from two points. Tracking 
new CMEs becomes impossible. 

The only reasonable compensation for the sensitivity 
degradation is to use the 32-module system to observe 
twice as strong sources as with the 64-module system 
(ΔS≥0.8 Jy at 102.5 MHz). According to [Artyukh et 
al., 1998], in the 450 sq. deg. area there are 89 scintillat-
ing sources with the scintillating component flux densi-
ty higher than 0.8 Jy. Hence, 1 source covers 5 sq. deg. 
There should be an average of 79 sources with such flux 
densities in the module's field of view (400 sq. deg.). 
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The forecasting task is still feasible, but in view of the 
typical depth of the front it is at the limit of the instru-
ment's capabilities. The search for CMEs can be carried 
out, yet without guarantee. The main advantage of this 
antenna version is a fourfold reduction in the count time 
when searching through phase delays. The set of scien-
tific problems that can be solved with such a radio tele-
scope will become very limited. 

For a 128-module telescope, a twofold increase in 
the instantaneous sensitivity makes it possible to reduce 
the observation time of one area fourfold, i.e. it will take 
4 min to scan one area. It will take about one hour to 
comprehensively survey 18 areas, 9 areas on each side 
of the Sun (at ΔS=0.26 Jy). By conducting hourly ob-
servations of an area of total size 400×18=7200 sq. deg., 
we can also provide a short-term forecast every hour. 
With the 128-module telescope, it will be possible to 
track CME along the entire length of the front, and not 
just its earthward part. At present, there is almost no 
detailed (quasi-simultaneous throughout the front) study 
of CMEs observed by the interplanetary scintillation 
method. The technical capability of tracking CMEs in 
detail will contribute to a better understanding of both 
the structure of CMEs and the characteristics of their 
distribution in the interplanetary medium. This radio 
telescope version is, therefore, much preferable to the 
64-module one. However, the count time will increase 
fourfold in searching for phase delays. 

Along with CMEs, corotating structures are also 
known, which can also cause magnetic storms. The 
intensity of such storms is low compared to that of 
CME-driven storms. According to LPA observations 
[Chashei et al., 2023], corotating structures are usually 
observed 2–3 days before their arrival at Earth in the 
form of a decrease in the scintillation index ahead of 
the corotating structure front and are easy to detect. 

We have examined an ideal forecasting scheme that 
ignores the realities on the earth. For example, thunder-
storms or power grid failures will lead to the fact that a 
space weather forecast cannot be given. A 1500 km/s 
fast ejection at night cannot be tracked. Regular routine 
maintenance, which can take several days, is carried out 
on telescopes. Therefore, a service that provides space 
weather forecasts must have several radio telescopes 
located at different longitudes. Switching-off one or two 
telescopes, no matter for what reason, will allow the 
remaining telescopes to monitor CMEs. 

 
CONCLUSION 

Comparing the scintillation index of interplanetary 
compact radio sources under quiet and excited solar 
wind conditions allows us to estimate the speed and 
direction of CME propagation, as well as to detect coro-
tating structures. It is shown that a radio telescope with 
a wide field of view and the capability of making repeti-
tive observations of the same sources is necessary for 
monitoring scintillating sources. 

To solve the applied problem of predicting geomag-
netic storms, a radio telescope project based on the 
phased array antenna operating in the 120–240 MHz 
range has been proposed for monitoring interplanetary 

plasma. It is demonstrated that besides the applied prob-
lem — space weather forecasting — scientific problems 
can be solved with the aid of such a telescope.  

The ideal antenna for space weather forecasting is a 
128-module device that can produce forecasts at least 4–6 
times a day, as well as track possible repeated CMEs. 
Forecasting can easily be done with a 64-module tele-
scope, but with very little time to search for new CMEs 
that may occur on the same days as the monitored ejec-
tion. Forecasting with a 32-module telescope is still pos-
sible, but there is no enough time, it is almost impossible 
to monitor repeated CMEs, and the forecast will most 
likely be made once a day. 

We have substantiated technical requirements for the 
radio telescope, determine its structural configuration, 
and requirements for functional elements. 

Further scaling of the radio telescope is possible, in-
cluding the deployment of its elements in other regions 
of the Russian Federation, which will improve the accu-
racy and reliability of the forecast. 

The work was carried out under the Government as-
signment. We thank I.V. Chashei for the preliminary 
reading of the manuscript and useful comments, as well 
as L.B. Potapov for his assistance in preparing the paper 
and Figures. 
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