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Abstract The very low frequency (VLF) regime below 30 MHz in the electromagnetic spectrum has
presently been drawing global attention in radio astronomical research due to its potentially significant
science outcomes exploring many unknown extragalactic sources, transients, and so on. However, the non-
transparency of the Earth’s ionosphere, ionospheric distortion and artificial radio frequency interference
(RFI) have made it difficult to detect the VLF celestial radioemission with ground-based instruments. A
straightforward solution to overcome these problems is a space-based VLF radio telescope, just like the
VLF radio instruments onboard the Chang’E-4 spacecraft. But building such a space telescope would be
inevitably costly and technically challenging. The alternative approach would be then a ground-based VLF
radio telescope. Particularly, in the period of post 2020 when the solar and terrestrial ionospheric activities
are expected to be in a ‘calm’ state, it will provide us a good chance to perform VLF ground-based radio
observations. Anticipating such an opportunity, we built an agile VLF radio spectrum explorer co-located
with the currently operational Mingantu Spectra Radio Heliograph (MUSER). The instrument includes four
antennas operating in the VLF frequency range 1–70 MHz. Along with them, we employ an eight-channel
analog and digital receivers to amplify, digitize and process the radio signals received by the antennas. We
present in the paper this VLF radio spectrum explorer and theinstrument will be useful for celestial studies
of VLF radio emissions.
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1 INTRODUCTION

The very low frequency (VLF) regime is the last
possible unexplored regime to be studied in the whole
electromagnetic (EM) spectrum in order to reveal several
important astronomical sciences such as dark matter,
galactic interstellar medium, transients and variable
sources, etc (Jester & Falcke 2009; Boonstra et al. 2016).
However, due to limitation of the Earth’s ionosphere and
strong artificial radio frequency interference (RFI), the
celestial radio emissions below 30 MHz are not studied in
detail with ground-based radio telescopes. To study the low
frequency universe several ground based radio telescopes
have been built to date, such as the Low Frequency
Array (LOFAR) in Europe (van Haarlem et al. 2013), the
Long Wavelength Array (LWA) in New Mexico, USA
(Ellingson et al. 2009), and the Giant Ukrainian Radio
Telescope in Ukraine (Konovalenko et al. 2016). However,

they mostly operate above 10 MHz and are severely limited
in radio observations between 10 to 30 MHz.

In order to explore the VLF spectral regime, building
radio telescopes locating beyond the Earth’s ionosphere
is the most viable solution. But the telescopes should be
either located far way from the Earth or the observations
from them should be shielded from the Earth-based
RFI so that the RFI impact from the Earth can be
reduced to the minimum level (Alexander et al. 1975;
Kaiser et al. 1996). Keeping these in mind, several space-
based instruments have already been built to carry out
the VLF observations (Herman et al. 1973; Kaiser et al.
1996; Gopalswamy et al. 2014) such as the very low
frequency radio spectrometer (Ji et al. 2017) and the
Netherlands-China Low Frequency Explorer (NCLE)
onboard Chang’E-4 mission (Boonstra et al. 2017), which
is the latest radio instrument operating in this field.
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Nevertheless, all of these instruments are mostly single
element types, and it is also costly and technologically
challenging to develop such space-based instruments.

The solar activity varies periodically every 11 years
and it is known as a solar cycle. Currently, we are
experiencing the minimum of solar cycle 24 and, similar
to the previous minimum of solar cycle 23, it is expected
that we will experience a sunspotless activity for around
2 – 3 years during the current solar cycle minimum. In
order to access how the Earth’s ionosphere would behave
in the post-minimum of cycle 24,Janardhan et al.(2015)
examined the correlation of the critical frequency in MHz
of F-region (foF2) of Earth’s ionosphere with the smoothed
sunspot number (SSN) for the time period 1994– 2014,
and reported a strong correlation with a correlation
coefficient,r of 0.96. From the estimation of the quantity
foF2, we would know the value of the minimum reflection
cut-off frequency of the Earth’s ionosphere. The authors
estimated that thefoF22 for the period 2008– 2009,
covering the duration of the minimum of cycle 23 when
there is no sunspot altogether, was 10 (MHz)2 implying
that the maximum reflection cut-off frequency would be
≤ 3.5 MHz. Janardhan et al.(2015) therefore reported
that the period after 2020, with a prolonged low levels
of night-time maximum reflection cut-off frequency well
below 10 MHz, would help to obtain systematic ground
based VLF radio observations. It is important to note that
quiet-Sun conditions post 2020 would provide an excellent
opportunity to perform VLF radio astronomy. Therefore,
we propose and discuss a VLF radio spectrum explorer,
which is located at Mingantu station.

The system composition and specification of the VLF
radio explorer is briefly described in Section2, while the
design of the radio explorer is discussed in Section3. In
Section4, scientific observations and analyses related to
the radio spectrum explorer are presented, followed by the
conclusion.

2 SYSTEM COMPOSITION AND SPECIFICATION

The proposed VLF radio spectrum explorer is composed of
four low-frequency active antennas, two analog receiving
modules, a GPS receiver, and a digital receiver combined
with a storage array. Each antenna receives radio signals
with two linear polarizations. The eight-channel radio
frequency (RF) signals from the four antennas are
amplified and filtered by an amplifier module and a filter
bank separately. Then the radio signals will be digitized
by analog to digital converter (ADC) with suitable power
levels and frequency bandwidths. In the digital receiver
synchronized by a GPS receiver the sampled signals
will be processed and stored for scientific studies. A

Table 1 Basic Specifications of the VLF Radio Spectrum
Explorer

Antenna 5 m,4× 2 dipoles
Polarization Dual linear
RF channel 8
Frequency range 1∼ 70 MHz
Frequency channel 2048
Frequency resolution ∼ 39 kHz
ADC 12 bits @ 160 MHz
Time resolution ≥ 10 ms
Sky noise limited 5 dB,8 ∼ 65 MHz
System dynamic range ≥ 35 dB

Sensitivity ∼ 10
4 Jy @ 30 MHz (10 kHz,100 ms)

systematical schematic of the radio explorer is shown in
Figure1.

The upper limit of operating frequency of the
instrument is purposefully set to 70 MHz. This would
provide a common frequency window of 30–70 MHz
with other available low frequency radio telescopes so
as to perform joint observations. The joint observations
would, in particular, be used for instrumental calibration
purposes and common science case studies. The setting
of upper limit frequency to 70 MHz would allow our
radio observations free from the FM band (87–108MHz)
signals. Thus, we could avoid the strong RFIs, and it
also allows the band-pass filter to have a high stop-band
rejection for the sampling bandwidth of 80 MHz. The
lower frequency limit is designed to be 1 MHz so as
to prevent the strong MW and LW RFIs. In the whole
frequency band, 2048 frequency channels are implemented
to get the high resolution dynamic spectrum with the
minimum integration time of 10 milliseconds. The system
dynamic range of the instrument is about 35 dB. The main
specifications are listed in Table1.

3 SYSTEM DESIGN

The whole system of the radio spectrum explorer mainly
includes two parts, outdoor units and indoor units. The
outdoor units include the active antennas, the analog
receiving modules, the digital receiver, and the GPS
receiver, which are hosted by an electronics cabinet. The
indoor units include the monitoring and control computers,
and the storage array. The observation data output by the
digital receiver will be transmitted to the inside receivers
via an optical fiber.

3.1 Antenna Configuration

At very low frequencies, setting up a resonant antenna
is not feasible to receive the radio signal due to its long
wavelength. In this scenario, we need an active antenna in
order to obtain a good gain and a wide frequency band.
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Fig. 1 System schematic of the VLF radio spectrum explorer.

Fig. 2 Radio spectrum explorer built at Mingantu Observing Station. It includes four inverted-V cross-dipole antennas
standing above the ground metal meshes. The low noise amplifiers are at the top of the four supporting poles. For each
antenna three cables inside the tubular pole are used to power the antenna and transmit its radio signals to the outdoor
receiver, which is hosted by an RF-shielded cabinet hangingon the base block of the left parabolic antenna.

The resonant frequency of the active antenna should be
set around 35 MHz so as to achieve a frequency range
from 1 to 70 MHz. However, we set the resonant frequency
of the antenna to be around 30 MHz. Thus, we could
avail more observations at the low end of the frequency
band to study in detail and explore the science at a very
low frequency regime. However, changing the resonant
frequency to 30 MHz we make a trade-off between the
sensitivity and the frequency band. Therefore, the length
of the antenna is set to be around 5 meters. An inverted-
V shaped dipole is designed as the receiving antenna. The
antenna rests on a ground plane consisting of a metal mesh
to avoid the reflected radio signals from the ground. The
inverted V-shaped dipole antenna resting on a metal mesh
is shown in Figure2.

In order to have a wider field of view (FoV), the
inverted-V dipole antenna is designed with an angle of

109
◦ between the two monopoles. This, in principle,

will broaden the radiation pattern of the antenna. Two
perpendicular inverted-V dipoles are combined together
to form a cross-dipole antenna as the receiving antenna
element. The radio spectrum explorer consists of four
inverted-V cross-dipole antennas. Three of them stand on
the ground forming a regular triangle, the other one lies at
the center of the triangle. All these three antennas have the
same distance of 6 meters from the central antenna. The
antenna layout is shown in Figure3. The four antennas of
the radio spectrum explorer form a mini array. So we can
get different radiation patterns for the mini-array by the
method of beam-forming.

As shown in Figure3, the single inverted-V antenna
has an E-Plane beam widths varying from 153.9 to 47.6
degree between 1 to 70 MHz. At lower frequencies, it can
almost observe all the sky. Using detailed simulations, it
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Fig. 3 Antenna layout and simulations for the radio spectrum explorer.Left: Layout of the four inverted-V dipole antennas.
Middle: The simulated radiation patterns of the single antenna.Right: The simulated beamforming pattern at 30 MHz for
the four antennas.

Fig. 4 Sky noise-limited values as measured for an inverted-V dipole antenna.Left: Calibrated noise power density as
measured in the chamber and at Mingantu Observing Station.Right: The performance of the simulated and measured
results of the sky noise-limited values.

Fig. 5 Amplifier measurements, different colors represent different amplifiers.Upper-Left: The amplifier module.Upper-
right: The measured S-parameter S21, it shows the gain of the amplifier. Lower-left: The measured voltage standing wave
ratio (VSWR) at the input port.Lower-right: The measured VSWR at output port.
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Fig. 6 Bandpass filter measurements, different colors represent different filters.Left: The filter bank.Right: The measured
S-parameter S21 showing the the frequency response of the filter, and S11 showing the reflection coefficient at the input
port. Since the symmetrical characteristic of the filter, only half of the parameters are plotted.

Fig. 7 Digital receiver and its schematic diagram. The signal processing is implemented in two different methods to
provide the spectrum and raw data.

is shown that the meshed ground plane improves the gain
of the antenna at most of the frequencies. Although the
distances between the four antennas are short-spaced, as
shown in Figure3, it is, however, still possible to obtain a
rough pointing at higher frequencies via beam-forming.

In an active antenna, a low noise amplifier (LNA)
connected with the antenna is used to receive and amplify
the radio signals with low noise. In a 50-ohm system
the LNA of the active inverted-V antenna can achieve a
low noise figure of∼ 2.0 dB at most of the operating
frequency band. Also, the LNA allows a matching between
the antenna and the transmission cable. In the design of this
LNA, a two-stage amplifier (Chen et al. 2018) is employed
to obtain a reasonable gain and low noise. While the use
of the LNA reduces the noise contributions, the available
gain of the active antenna is decreased as well due to
mismatching between the active antenna and LNA. For
one inverted-V cross-dipole antennas, two LNAs are used
and placed on one printed circuit board (PCB) combined
together. The PCB is kept inside a 3D printing box, which
is fixed on the top of the antenna supported by a pole as
shown in Figure2.

At very low frequencies, the sky noise limited
performance is a primary requirement for the antenna
system to carry out observations with high spectral and

temporal resolutions. This shows how large the sky noise
is during the output of the antenna as compared to the
noise from the antenna system itself. In order to meet this
requirement, the LNA is designed to achieve a sky noise-
limited performance within each operational frequency
band. Using a sky temperature model (Jester & Falcke
2009), we simulated the sky noise limited performance of
the active antenna. As shown in Figure4, it is seen that
an approximate of 5 dB sky noise limitation is achieved
between 8 and 65 MHz. Using a method proposed in
Chen et al.(2018), we calculated the sky noise-limited
performance for the active inverted-V antenna inside the
chamber and in the field as well. From Figure4 it is clear
that the measured results match well with the simulation
results. However, it is noticed that above 42 MHz the
measured results differ from the simulation results. It is
probably caused due to the difference in the noise level of
LNA as estimated by the measurement and the simulation.
In spite of this, it is evident that the measured results meet
the required antenna noise level needed for our operational
frequency range and clearly also illustrate the performance
of the inverted-V dipole antenna designed for the radio
explorer. It is to be noted that we did not measure the sky
noise-limited performance below the frequency of 25 MHz
due to the RFI impact.
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Fig. 8 System control, monitoring and storage for the radio spectrum explorer.Left: the control and monitoring interface
displaying on a screen locating in an EM shielding observation room.Right: the control computer and disk array in a high-
level EM shielding room. The screen and computer are connected with each other via a fiber to avoid the RFI leaking.

Fig. 9 Left: Simulated noise contributions of the receiving chain for the radio spectrum explorer. The black, blue, red, and
dashed blue plots represent respectively the system noise,the antenna noise, the receiver noise and the antenna thermal
noise.Right: Flux densities of radio emissions from different cosmic objects along with the antenna and array sensitivities
are plotted. For plotting the different cosmic radio emissions, we used the data inZarka et al.(2012), while for the
sensitivities of the antenna and array system, we performedsimulations with different integration time and bandwidth.

Fig. 10 Spectrum of ionospheric low frequency radio emission observed by the radio spectrum explorer on 2020 June 6.
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Fig. 11 Dynamic spectrum observed by the four dual-polarization antennas of the built radio spectrum explorer on 2020
May 31.

Fig. 12 Dynamic spectrum observed with the incoherent beam pointing at the Zenith on 2020 May 31.

3.2 Analog Receiving Module

As mentioned earlier, an amplifier module following the
antenna is employed to amplify the radio signal in order
to make its power suitable for sampling. Due to the low
available gain of the antenna as a result of mismatching
with the amplifier, we consider to reduce the receiver noise
after the antenna to improve the system sensitivity. The
amplifier has a gain of around 22 dB and a low noise
level of 2 dB. This, in turn, significantly reduces the noise
contribution of the digital receiver. In order to avoid the
signal aliasing in ADC, we use an anti-aliasing bandpass
filter to achieve the operating frequency band of (1 –
70) MHz.

As shown in Figure5, the gain of the amplifiers is
about 22 dB, and the VSWR are less than 2 and 1.5,
respectively, at input and output ports. We can also see that
the measurement results coincide with each other among
the amplifiers at most of the frequency range. Figure6

plots the measurement results for the filter bank. As we
can see that the 3 dB bandwidths of the filters are from
1 to 68 MHz, it is slightly narrower than the design. The
measurements show the filters accord with each other well.
From both Figures5 and6, it can be seen that there is a
lesser difference for the same measurements of both the
amplifier and filter. This is mainly attributed to the non-
identical characteristic of the electronic components.

3.3 Digital Receiver

For a low-frequency radio array, the digital receiver is
a core instrument. The digital receiver mainly performs
all the required signal processing in the digital domain.
In our proposed VLF radio spectrum explorer, the digital
receiver used would sample the received signals by the
active antenna with a 12-bit ADCs operating at 160 million
samples per second (MSPS). We then use a 4096-point fast
Fourier transform (FFT) to channelize the received signals
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from all the four antennas. In this way, we can obtain 2048
sub-band signals with a bandwidth of∼ 39 kHz. Each
sub-band signal would be integrated next for at least 10
milliseconds, which can be changed as per requirement.
Meanwhile, a piece of 4096-point raw sampled data would
be sent for output in a single integration time period for
all the antennas that can further be used for more flexible
offline processing. For all the four dual-polarized dipole
antennas, the maximum output data rate obtained is around
12.5 MB s−1.

3.4 System Control, Monitoring and Storage

In the radio spectrum explorer, the observation data
produced by the digital receiver would be transmitted to
an indoor receiver via optical fiber. As shown in Figure8,
a high-performance computer located in a high-level EM
shielding room is used to receive the data and store them
in a disk array. Meanwhile, the computer also controls the
digital receiver and monitors the observation results in real
time. For the convenience of observing, the system control
and monitoring can be achieved remotely on any other
authorized computer with the internet connection.

3.5 System Analysis

In order to analyze noise distribution for the radio spectrum
explorer, we define the antenna noise and receiver noise
with a reference plane between the antenna and the LNA
used inChen & Yan(2019). The antenna noise includes
the background sky noise and the thermal noise from the
antenna, while the receiver noise includes the noise from
the LNA, analog and digital receiving units. We use the
temperature model inJester & Falcke(2009) and simulate
the different noise contributions from the whole system.
The noise figure of the amplifier after the antenna is around
1.0 dB. Thus, its noise temperature is around 75 K. As the
gain of the amplifier is 22 dB and the available gain of the
LNA is about 20 dB, we can ignore the equivalent noise of
the amplifier and digital receiver at the reference plane.

The simulated noise contributions of the system at
the reference plane are plotted in Figure9. It can be
seen that the antenna noise exceeds the receiver noise
above 7 MHz. Generally, the sky noise is very high and
the antenna thermal noise is too small. Hence, it can be
concluded that the sky noise is always larger than the
receiver noise. Further analysis shows that the sky noise
is at least 5 dB more than the receiver noise above 8 MHz,
which agrees well with the sky noise-limited result shown
in Figure4. Similar to the simulation of noise contribution,
the sensitivity of the antenna as well as the mini array was
also simulated and plotted in Figure9. From Figure9, it
is clear that the antenna and mini array sensitivities lie

well below the peak and average radio emission fluxes
from Jupiter. We thus conclude that even the single antenna
sensitivity is good enough to detect the radio emission
from Jupiter. In the other hand, the solar radio bursts,
which generally produce strong radio emission at very low
frequency range, could be as well detected by the antenna
and mini array.

The system dynamic range for the radio spectrum
explorer depends on all the active devices such as the active
antenna, amplifier and digital receiver. Simulations of the
system show that, in absence of RFI, the total power of the
radio signal received by the antenna is about−48 dBm.
This roughly agrees with the measurement carried out at
the instrument site. Similarly, the gain of the amplifier is 22
dB and its input power of 1 dB compression point is around
−8 dBm. Thus, we estimate that the net signal power at the
ADC input would be−26 dBm. If we use a 12-bit ADC
with a full-scale of 10 dBm, then the net signal power at
the ADC input would fill only 6 bits. The remaining 6
bits could be used for obtaining the high dynamic range
signals. Thus, in absence of the RFIs, the radio spectrum
explorer could have a system dynamic range of around 36
dB.

4 SCIENTIFIC OBSERVATIONS

The system design as aforementioned for the radio
spectrum explorer would make it a competent instrument
at VLF, which can be useful for carrying out studies of
various cosmic objects and phenomena such as solar radio
bursts, planetary radio emissions and joint low frequency
observations with other available facilities.

4.1 Expected Scientific Studies

A round clock monitoring of solar activity is required
to understand space weather in near-Earth space. In
particular, changes pertaining to eruptions of solar flares
and coronal mass ejections (CMEs) are crucial as such
phenomena are not well studied in near-Earth space. One
way to quantify the changes is the study of radio burst
activity associated with them. There are several types of
burst activity, but the two burst types are of particular
interest: Type II and III. Type II bursts are produced by fast
driving shocks associated with the flares or CMEs, while
Type III bursts are a result of propagating electron beams
in solar corona and interplanetary space. These bursts are
produced near the local electron plasma frequency or/and
its harmonics and as the plasma frequency depends on
the electron number density, the source position of each
burst corresponds to a certain height in the corona. Using
our proposed VLF radio spectrum explorer, which can be
used as a highly effective solar monitoring system, we
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aim to identify these Type II and III burst types from
the solar dynamic spectra. In coordination with LOFAR
and LWA solar imaging spectroscopy, we will study the
plasma processes associated with these bursts to prepare a
density diagnostics of the energetic electrons at different
heights of the corona. This, in turn, will enable the study
of density diagnostics of the different structure of CMEs
as well as determining their velocity and acceleration.
Also, through observation of absorption bursts from solar
dynamic spectra of VLF radio spectrum explorer, we
plan to locate the source region of CMEs and plasma
characteristics associated with the emerging magnetic flux
channels. Hence, this instrument can effectively be used to
study the propagation and evolution of CMEs as well as
the non-thermal electron beams associated with the flares
in the interplanetary space through the monitoring of solar
radio burst activity.

In addition to solar activity, the VLF radio instrument
can also be used to study planetary radio emissions. It is
known that the planet Jupiter emits strong radio emissions
(∼MJy), which are point-like, fully polarized and quasi-
permanent in a 0.3–3 MHz range. In particular, the Jupiter
emissions can be well measured in the decameter (30
MHz) range (Zarka 2004; Nigl et al. 2007). Thus, the
Jupiter emissions can be useful for ground calibration
for the radio spectrum explorer. While the planetary
radio emissions from Saturn and Uranus can be used to
study quasi-continuous radio emissions and their seasonal
effects.

The ground VLF radio spectrum explorer can be
used to perform joint observations with the Netherlands-
China low frequency explorer (NCLE), which is a radio
instrument onboard the Chinese Chang’E-4 lunar mission
(Boonstra et al. 2017) to perform radio observations in the
frequency range 0.08–80 MHz. The key science objectives
of the NCLE, that operates in the similar frequency range
like our VLF radio spectrum explorer, are overlapped with
that of our instrument, such as measuring radio emission
from different planets in our solar system, studying Earth’s
ionospheric fluctuations, and solar radio activity and space
weather. We, therefore, target for the joint spectrum
observations from the VLF radio spectrum explorer and the
NCLE instrument in the frequency range 1-70 MHz for the
studies of planetary radio emission, solar radio bursts, and
space weather in near-Earth space.

4.2 Observing Modes

As mentioned in Section3, this radio spectrum explorer
contains four VLF radio antennas, and the digital receiver
will produce two different data outputs including the
spectrum data and raw sampling data, which make it

capable to do the observations in different working modes.
If the four antennas work independently, each of them can
be considered as a spectrometer as shown in Figure11.
These four antennas can also work together as a mini
array to improve the sensitivity. For the spectrum data, we
can sum the same polarized signals of the four antennas
together to get the combined signal with an incoherent
beam, as shown in Figure12. Suppose the four antennas
are identical, the incoherent beam is the same with the
beam of one single antenna. In this way, the sensitivity of
this radio spectrum explorer will improve by the times of
square-root of the antenna number. For the raw sampling
data, we can do the coherent beam-forming by summing
the four-antenna signals together with phase shifting.
Using this way, this radio spectrum explorer can observe
the Sun or other radio sources with rough tracking, though
the formed beam is big at low frequencies. Besides, the
raw data can also be used to make the cross correlations
between different antennas for signal chain calibrations or
locating radio source positions, etc.

5 CONCLUSIONS

In the present work, the design for a radio spectrum
explorer built in Mingantu station in China has been
discussed. It operates in the VLF range of 1–70 MHz,
and will carry out the VLF radio observations of Sun,
different planets as well as different other celestial objects.
This instrument is currently installed at the Mingantu site,
and using in house simulations and direct observations of
the radio sky measurements at the site. It is shown that
the instrument is a sky noise-limited system at most of
the operating frequency band taking into account all the
possible noise contributions. The instrument has a very
good sensitivity and can provide a reasonable dynamic
range. Currently, the VLF radio spectrum explorer is
in operation and has been used to produce VLF radio
dynamic spectra. The radio spectra obtained can be
used to perform several scientific studies, including the
study of solar activity and space weather through a
continuous monitoring solar radio burst activity associated
with the energetic electrons from the solar flares and
CMEs, planetary radio emissions, and carrying out joint
observations as well with the VLF payloads onboard
Chang’E-4 mission.

Using the instrument, we, particularly, can obtain radio
dynamic spectra. However, in order to obtain the complete
information about the plasma processes associated with the
radio emission at this VLF frequency range, we need to
have interferometric observations as well to produce radio
images. In this direction, in future, we are planning for
another larger VLF radio array consisting of 36 antennas
within 3 km to be built soon at the same site. The upcoming



85–10 L. Chen et al.: An Agile Very Low Frequency Radio Spectrum Explorer

interferometer would be able to image solar radio bursts
and can be used to produce the low frequency radio
sky map with a reasonable spatial resolution. Using the
imaging spectroscopy, we can reveal useful information
about the source regions of the radio emission and their
distribution based on the density gradient.
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