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Abstract. Under the project National Heliogeo-
physical Complex of the Russian Academy of Scienc-
es, it is planned to create several coherent decameter
radars. ISTP SB RAS started to develop a network of
coherent decameter radars well before the start of fi-
nancing this project. This has provided extensive expe-
rience in operating such radars, has enabled us to iden-
tify their technological problems, which should be
solved when creating radars of own design, and to de-
velop a project of radars with broader capabilities for
diagnostics of the ionosphere as compared to existing
radars of similar types. The paper analyzes the existing
EKB ISTP SB RAS radar, reviews its technological

problems, and proposes the structure of a new radar of
SECIRA type. We report the results of prototyping of
elements of the SECIRA radar, which demonstrate the
possibility of its implementation. We discuss the po-
tential applicability of the radar to ionospheric studies
on the territory of the Russian Federation, in particular
in high-latitude regions.

Keywords: decameter radar, SuperDARN, SECIRA,
ionosphere, backscattering.

INTRODUCTION

Study of space weather effects in Earth's magneto-
sphere, ionosphere, and atmosphere is one of the main
tasks of solar-terrestrial physics. At present, one of the
most effective instruments for research in this direction
is the international system SuperDARN (Super Dual
Auroral Radar Network) — the network of decameter
(shortwave) radars that cover high-latitude regions and a
part of mid-latitude regions in the Northern and South-
ern hemispheres. Through joint analysis of parameters
of scattered signals, SuperDARN allows us both to ob-
tain a global picture of plasma convection in the high-
latitude ionosphere, which is a key indicator of its inter-
action with the magnetosphere, and to study the dynam-
ics of irregularities of different scales in the ionosphere
and upper atmosphere at high spatial-temporal resolu-
tion. Over the past 12 years, the number of radars in this
network has more than doubled, reaching 35. Many
countries (USA, Canada, UK, France, Italy, Japan, Aus-
tralia, South Africa, China, Norway) have been deeply
involved in the ionospheric research in polar and sub-
polar latitudes of both hemispheres and have intensively
developed the radar network. At the same time, without
active participation of Russia whose area covers the
longitudinal sector of ~100°, it is rather difficult to re-
construct the system of ionospheric plasma convection
in Northern Hemisphere with reasonable accuracy and
to predict the development of disturbances in the upper
atmosphere during periods of severe space weather.

The development of the Russian network of coherent
decameter radars will effectively complement the exist-
ing SuperDARN radar network and ensure equal partic-
ipation of Russian scientists in the international cooper-
ation of the countries participating in SuperDARN.

Solving problems of monitoring ionospheric disturb-
ances affecting the operation of global positioning, com-
munication, and radar systems on the entire territory of
Russia with high time resolution using a relatively small
number of facilities determines the practical significance of
such radars. Studies are planned to be conducted under
both international and Russian projects and programs in
several directions. Among these are:

e reconstruction of ionospheric convection at high
latitudes of the Russian Federation and elaboration of
the full ionospheric convection in cooperation with Su-
perDARN radars;

e study of subauroral polarization streams (SAPS)
and subauroral ion drifts (SAID), in particular in the
integration with the existing network of instruments for
optical and ionospheric observations, as well as with
satellite measurements;

e study of mid- and high-Ilatitude ionospheric irreg-
ularities of small, medium, and large scales and their rela-
tionship with space weather and influence from bellow —
from the neutral atmosphere and the lithosphere, in par-
ticular in the integration with the existing network of
instruments for seismic and ionospheric observations, as
well as with satellite measurements;
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o study of the magnetosphere-ionosphere coupling
and magnetohydrodynamic waves, in particular in the
integration with the network of instruments for ground-
based magnetic observations and with satellite meas-
urements;

study of artificial disturbances in the ionosphere
generated by high- and mid-latitude heating facilities;
study of the dynamics of the lower ionosphere
from observations of radio wave absorption in the D and E
layers, in particular in the integration with the riometer
network;

study of processes in the neutral atmosphere
from meteor observations, in particular in the integra-
tion with the existing network of optical instruments and
meteor radars.

Under the project National Heliogeophysical Com-
plex of the Russian Academy of Sciences (NHC RAS),
we plan to develop several coherent decameter radars.
The Institute of Solar-Terrestrial Physics SB RAS (ISTP
SB RAS) made efforts to develop coherent decameter
radars well before the start of financing this project.
This has provided extensive experience in operating
such radars, has allowed us to identify technical prob-
lems, which should be solved when creating national
radars, to develop a project of radars having broader ca-
pabilities for diagnosing the ionosphere than the existing
analogous radars.

SCIENTIFIC GOALS AND
OBJECTIVES OF THE COHERENT
RADAR NETWORK

The main mechanisms of the formation of a scat-
tered signal detected by such radars are: scattering by
field-aligned ionospheric irregularities of the E and F
layers, scattering by the earth and water surfaces detect-
ed due to ionospheric refraction, scattering by ionized
meteor trails at heights of the D and E layers, meso-
spheric echo.

Large- and medium-scale auroral plasma convection
is one of the important processes in the study of the mag-
netosphere-ionosphere coupling. The study of the magne-
tosphere-ionosphere coupling is the main task accom-
plished with SuperDARN radars. It is based on the study
of the ionospheric convection by analyzing scattering by
small-scale irregularities of the F layer. The occurrence of
such irregularities may be due to natural causes such as
geomagnetic storms and substorms and due to the opera-
tion of heating facilities, which form a layer of such ir-
regularities in a small region over a heater [Robinson et
al., 2006]. The drift velocity of the irregularities at these
heights is generally determined by the motion of particles
in crossed electric and magnetic fields. Its analysis allows
us to reconstruct the direction and amplitude of the elec-
tric field, which makes it possible to study processes in
Earth's magnetosphere, examining the projection of the
magnetosphere on high-latitude regions of the ionosphere
along magnetic field lines. Finding the full vector of the
electric field requires us to determine the full velocity
vector and accordingly to study irregularities in the same
region, using several radars; hence the need for a dense
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network of such radars at high latitudes [Greenwald et al.,
1995; Chisham et al., 2007] and its extension to middle
[Nishitani et al., 2019] and equatorial [Chizurumoke et
al., 2020] latitudes.

Another direction is to study the dynamics of large-
scale ionospheric irregularities with characteristic scales
of hundreds of kilometers. The methods are based on
the study of propagation of radio waves in an inhomo-
geneous ionosphere upon scattering by the earth surface
(oblique backscatter sounding). From variations in the
group delay, mode content, and angles of arrival we
may evaluate changes in ionospheric parameters at the
reflection point and monitor large-scale irregularities
generating variations in the position of the reflection
point (points), including internal atmospheric waves
[Oinats et al., 2016]. To date, a large number of sources
of large-scale internal atmospheric waves in the upper
atmosphere have been identified. Among these are a
strong Joule heating in the high-latitude ionosphere as-
sociated with either substorms and enhanced electrojets
or with enhanced ionospheric flows in cusp; earth-
quakes; passage of the solar terminator; launches of
carrier rockets. Such waves propagating in the upper
atmosphere generate traveling ionospheric disturbances
(TIDs), which can be observed by radars. The Russian
radars will facilitate search and experimental study of
large-scale waves, which are important for the under-
standing of energy transfer processes in the magneto-
sphere—ionosphere—atmosphere—Ilithosphere system.

Methods of studying the neutral ionosphere rely on
the study of the scattering by small-scale ionization ir-
regularities formed by burning meteors. The drift ve-
locity and lifetime of the irregularities at these heights
are generally determined by dissipation and transfer
processes, thus enabling us to estimate the neutral wind
speed at heights 80-100 km [Arnold et al., 2003]. Ra-
dars can observe radio wave scattering by meteor trails
and on this basis we can measure the wind speed and
direction in the mesosphere. Such measurements will
significantly complement observations made at the me-
teor radar network and will stimulate studies of the
structure of mesospheric winds at different spatial
scales.

One of the methods for studying the lower iono-
sphere is to study the radio wave absorption in the D
and E layers. The absorption can be measured by two
methods: from the intensity of OBS signal [Chakraborty
et al., 2018] and from the level of noise during periods
without radar radiation [Berngardt et al., 2018; Bland et al.,
2018]. In this case, to increase the validity of the meth-
od it is desirable to measure the absorption at several
frequencies simultaneously [Berngardt et al., 2019a].
Study and prediction of ionospheric absorption are im-
portant practical tasks because the absorption signifi-
cantly affects amplitudes and quality of reception of
signals from radio facilities and radars. The radar iono-
spheric absorption diagnostics significantly supplements
high-latitude riometric observations.

Another important line of research is the study of the
so-called magnetohydrodynamic waves in the magneto-
sphere from coherent radar data. Mid-latitude radars can
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detect and identify such waves, which is difficult to realize
with high-latitude radars. Due to high temporal resolution
of the radars and the wide spatial coverage it is possible to
conduct a detailed spatiotemporal analysis of such waves
and to identify physical mechanisms responsible for their
generation and dynamics [Chelpanov et al., 2018; Mager
et al., 2019], which are difficult to examine using other,
both ground-based and space-based facilities.

High sensitivity of coherent radars to various space
weather effects defines the main applied problems of the
network of such radars:

e monitoring of ionospheric disturbances that sig-
nificantly affect the operation of communication, navi-
gation, radar, and other technological systems on the
territory of Russia;

e monitoring of radio wave propagation conditions
in radar field of view, which provides the basis for ef-
fective prediction of radio wave absorption and propa-
gation conditions including optimum frequencies in HF
radio channels under different geophysical conditions;

e study and monitoring of processes in the magneto-
sphere—ionosphere—atmosphere—lithosphere  system,
which form the basis for the prediction of disturbances that
affect the functionality of various radio aids and technolog-
ical systems.

HARDWARE AND SOFTWARE
OF SUPERDARN RADARS

The network of coherent decameter SuperDARN ra-
dars [Greenwald et al., 1995; Chisham et al., 2007;
Nishitani et al., 2019] and of analogous radars
[Berngardt et al., 2015a] is one of the most effective
modern ground-based instruments for studying the
magnetosphere-ionosphere coupling and for monitoring
the upper atmosphere in a large spatial region. The Su-
perDARN radar system currently includes more than 35
radars, and their number is constantly increasing. Loca-
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tion and fields of view of the radars are shown in Figure 1.

SuperDARN radars are instruments with analogous
hardware and software. The radar is a monostatic in-
strument with a field of view of ~50° and a maximum
operation range 3500-4500 km. This provides a spatial
coverage of the order of 1 million sq. km. The radars
operate in a frequency band 8-20 MHz with the mean
radiated power of ~600 W, which allows us to use them
in the continuous monitoring mode. The radar field of
view is divided into a fixed number of directions
(beams), the total number of which is usually from 16 to
24. Width of one beam is from 3° to 6° depending on
the operating frequency. Spatial resolution of the radar
ranges from 15 to 45 km, temporal resolution in a regu-
lar operating mode is ~1-2 min.

A coherent radar transmits a radio signal of a special
shape, which propagates in the ionosphere and is scat-
tered by irregularities occurring in its trajectory. A part
of the transmitted signal power comes back to the place
of transmission as a scattered signal and is received by
the radar. The shape of the transmitted radio signal and
the processing technique provide good spatial (accuracy
of ranging to irregularities) and spectral (accuracy of
determining the wvelocity of irregularities) resolution.
Backscattering is the most intense for irregularities with
scales of about half-wavelength along the line of sight,
therefore such coherent radars are sensitive to plasma
irregularities with characteristic scales of several tens of
meters. The difference between frequencies of transmit-
ted and received signals characterizes the velocity of
irregularities at heights 150-450 km in crossed iono-
spheric electric and geomagnetic fields. While the theo-
ry of the formation and growth of such irregularities is
currently still under development, experimental studies
show close agreement between this model and the re-
sults obtained with coherent radars.
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Figure 1. Position of SuperDARN radars and their fields of view (as derived from [vt.superdarn.org] for November 2019)
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It should be noted that the coherent echo from iono-
spheric irregularities can be observed with SuperDARN
radars only under certain (aspect) conditions of radio
wave propagation with respect to the geomagnetic field.
Such conditions for propagation of short radio waves
are well satisfied in polar and subpolar regions, deter-
mining in turn the great practical significance of Super-
DARN for studies of high-latitude ionospheric effects.
For their functioning, the radars use multipulse aperiod-
ic sequences of short pulses. The use of multipulse se-
quences allows simultaneous improvement in spatial
and spectral resolution of the radar [Farley, 1972].

For a SuperDARN radar the duration of the tradi-
tional 7-pulse sounding sequence is ~70 ms with a repe-
tition period of ~100 ms [Chisham et al., 2007].

The traditional method of processing a received sig-
nal at these radars is the calculation of its autocorrela-
tion matrices and averaged complex-valued autocorrela-
tion functions (ACFs). ACFs are approximated by mod-
el functions to estimate the scattered power, line-of-
sight Doppler velocity, and signal spectrum width as a
function of range from radar. The radar software pro-
vides data of three levels of detail: quadrature signal
components (IQdat), averaged signal correlation functions
(RawACF), and processed data (FitACF) [RST, 2019].

EKB ISTP SB RAS RADAR

The first Russian radar similar to SuperDARN ra-
dars has been deployed by ISTP SB RAS together with
the Institute of Geophysics UB RAS on the territory of
the Geophysical Observatory Arti (the village of Arti,
the Sverdlovsk Region, 56.5° N, 58.5° E). Its transceiv-
er equipment, which is a CUTLASS-type radar [Lester
et al., 2004], was developed at the University of Leices-
ter (UK) and purchased with funding from SB RAS.
The phased antenna array (PA) of the radar features two
linear PA standard for SuperDARN radars — 16 anten-
nas in the receiving-transmitting array and 4 antennas in
the receiving one. Geometry of the radar and its general
layout are shown in Figure 2.

Since December 2012, the radar has operated in the
regular monitoring mode. Using data obtained with the
radar, we have carried out numerous experiments, in-

A)

B)

cluding long-term ones: studies of magnetospheric
VLF oscillations [Mager et al., 2015; Chelpanov et al.,
2018], internal acoustic waves [Oinats et al., 2016],
unique observations of ionospheric effects associated
with the impact of the Chelyabinsk meteorite [Berngardt
et al., 2015b], the first regular observations of the level
of shortwave noise during solar flares [Berngardt et al.,
2018, 2019a]. In addition, we performed the first exper-
iments with the EKB ISTP SB RAS radar in a bistatic
mode [Berngardt et al., 2015c], developed improved
sounding sequences [Berngardt et al., 2015d], and de-
rived radar equations for pulsed radars of this type
[Berngardt et al., 2016], developed effective methods of
identifying signals scattered by the earth surface
[Lavygin et al., 2020].

Technological drawbacks of the EKB radar and
ways to overcome them

Experience of the long-term operation of the EKB
ISTP SB RAS radar has revealed major technological
drawbacks that complicate the use of the radar for solv-
ing modern research problems.

Identification of signal types

The irregularities the scattering by which generates a
received radar signal are different, therefore one of the
main problems in interpreting data is the problem of
distinguishing signals scattered, e.g., by the earth sur-
face and the ionosphere. Currently there are two main
approaches to the identification of such signals: from
spectral  characteristics obtained by averaging
[Blanchard et al., 2009; Ribeiro et al., 2011] and from
the analysis of the full form of scattered signals before
their averaging [Lavygin et al., 2020]. Experiments have
shown that the analysis of the full form of scattered sig-
nals is more efficient [Lavygin et al., 2020], but the rate
of digitization of received signals needs to be signifi-
cantly increased, which cannot be done with the current-
ly available equipment. Thus, an important technical
problem to be solved is the replacement of the analog
receiver part of the EKB radar with digital receivers
with a high rate of digitization.
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Figure 2. The EKB ISTP SB RAS radar: a— the phased antenna array; b — a general layout of the radar
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Spatial, temporal, and spectral resolution

In a shortwave band, problems also arise when stud-
ying the dynamics and particularly velocities of iono-
spheric irregularities. The typical velocities of iono-
spheric irregularities are much lower than the sound
speed at ionospheric heights — of the order of tens and
hundreds of meters per second, so it is necessary to
measure Doppler shifts up to 1 hertz at least. The use of
simple radio pulses leads to the fact that the spatial reso-
lution of the radar becomes comparable with the charac-
teristic scales of the ionosphere.

Spatial resolution can be increased without loss of
spectral resolution by using complex signals with spe-
cially selected properties and methods of processing
received signals, which can simultaneously provide high
spatial and spectral resolution. The complex signals are
generally applied which represent multipulse sequences
[Farley, 1972]. In regular measurements with Super-
DARN radars, sequences of several types are currently
used: standard 7-pulse [Barthes et al., 1998], 8-pulse
katscan [Ribeiro et al., 2013], and 13-pulse [Greenwald
et al., 2008]. The latest radars can use aperiodic se-
quences [Spaleta et al., 2008].

As shown by a preliminary analysis, the characteris-
tic lifetime of ionospheric irregularities generating
backscatter is not more than 250 ms, whereas the life-
time of irregularities affecting the shape of signals scat-
tered by the earth surface is usually longer [Lavygin et
al., 2020]. The main characteristics of the signals
providing geophysical data are the Doppler frequency
shift and spectral signal width. The accuracy of deter-
mination of these parameters depends on the spectral
resolution of the method not always sufficient for exist-
ing sounding sequences. The situation can be improved
if we apply sequences consisting of a larger number of
pulses. Specifically, the use of longer sequences at the
EKB ISTP SB RAS decameter radar allows us to signif-
icantly improve spectral resolution of the method
[Berngardt et al., 2015d]. Despite the development and
launch of new 10-pulse sequences at the EKB radar in
October 2014 [Berngardt et al., 2015d], which ensure
high spectral resolution of measurements, and the de-
velopment of more complex and longer sequences from
Golomb rulers, spectral resolution often remains inade-
quate or it takes too much time to accumulate signals.
Thus, most new longer sounding sequences we have
developed can be adopted only after upgrading the
transceiver equipment of the radar.

In addition, potential of the radar (power, range, and
spatial resolution) can be considerably increased by using
phase-manipulated pulses, but this technique cannot be
implemented with the radar equipment at present either and
needs modernization.

Consideration of ionospheric parameters and spatial
reference of observations

Due to peculiarities of the frequency band of such
radars, the ionospheric refraction has a pronounced ef-
fect on the signal path and changes radio wave propaga-
tion trajectory and delay of the received signal. The ra-
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dio wave propagation path affects the accuracy of both
identification of scattered signal type and determination
of parameters of ionospheric irregularities — their ve-
locity, height, and geographic coordinates. Determina-
tion of signal parameters provides the basis for the solu-
tion of practical problems, in particular for the use of
coherent radars to monitor ionospheric conditions

Consideration of ionospheric parameters is based on
measurements of the vertical-latitudinal-longitudinal
electron density distribution. Correct consideration al-
lows us both to provide the geographical reference of
measurements and to improve the accuracy of the de-
termination of spectral parameters of the irregularities.
Currently, the main approaches to solving this problem
are the use of ionospheric models corrected in real time
according to the data from various instruments [Lar-
quier et al., 2013] and the use of multifrequency obser-
vations [Ponomarenko et al., 2009; Gillies et al., 2011].
One of the possible solutions of this problem is to use
the radar for diagnosing parameters of the background
ionosphere. The existing equipment of the radar de-
signed to transmit short pulses precludes, however, the
use of the radar in the ionosonde mode with a high fre-
quency sweep rate. Implementing this mode requires
substantial hardware modernization of the radar involv-
ing an extension of the frequency band (5-25 MHz) and
the use of more complex antennas providing radar oper-
ation in this mode, as well as other transmitters.

Calibration of elevation angle observations

One of the main methods of refining the radio signal
propagation path is elevation observation. Because of
the wavelength comparable to the distance from antenna
to the earth surface, temperature variations in character-
istics of the earth surface, and dynamics of analog parts
of transceiver circuits for elevation observations, phase
characteristics of antenna systems require regular cali-
bration [Chisham, 2018; Ponomarenko et al., 2018],
preferably automatic. At present, in SuperDARN radars
the main calibration methods are calibration by position
of the signal scattered by the earth surface [Ponomarenko
et al., 2015], the signal scattered by the E layer
[Ponomarenko et al., 2018], and the signal scattered by
meteor trails [Chisham, Freeman, 2013; Chisham, 2018;
Berngardt et al., 2019b].

Nevertheless, the PA structure of the EKB radar pre-
cludes precise elevation observations — owing to the
large distance between the main and interferometric
arrays there appears an uncertainty 2ztn in measuring the
phase, which significantly complicates the interpretation
of the observations. An obvious solution is to change
the PA shape with corresponding modernization of the
receiving equipment and phasing system of the radar.

Implementation of bistatic sounding scheme

At present, SuperDARN radar systems operate in the
bistatic mode in a narrow sense — each radar operates
independently, and ionospheric parameters are identi-
fied from the processed data acquired by the radar net-
work [Greenwald et al., 1995; Chisham et al., 2007;
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Nishitani et al., 2019]. The first long observations in the
bistatic mode in a broad sense with such radars have
been made together with the EKB radar and the radio
telescope UTR2 (Ukraine) [Berngardt et al., 2015c]. It
has been shown that the existing equipment and power
allow the operation in the mode when one radar serves
as a transmitter for another. This operation mode allows
us to expand regions in which it is possible to determine
ionospheric parameters and obtain additional data to
refine characteristics of ionospheric irregularities. It is
therefore obvious that the equipment requires moderni-
zation, which will enable all radars of the Russian net-
work to operate in a synchronous mode.

NEXT-GENERATION
COHERENT RADARS

The project of radars of the SECIRA system (net-
work of coherent ionospheric radars) has been devel-
oped at ISTP SB RAS to solve the technical problems
found during operation of the EKB ISTP SB RAS radar
and to greatly extend the capability of the network of
Russian coherent decameter radars created under the
project National Heliogeophysical Complex of the Rus-
sian Academy of Sciences (NHC RAS). The radar is
based on fully digital generation and receiving of sig-
nals, which is currently the major approach in develop-
ing new radars [Bristow, 2019].

Unlike PA of the EKB and SuperDARN radars, PA
of the SECIRA radar is T-shaped and consists of 16
transmitting/receiving and 8 receiving antennas ar-
ranged in two perpendicular linear phased arrays. The
distance between antennas coincides with distances in
PhAA of SuperDARN radars (~15 m). The geometry of
arrangement of receiving antennas allows us to mini-
mize the problems associated with the phase uncertainty
of the received signal, as well as to consistently identify
signals coming from the back lobe. Thus, the radar field
of view is doubled and takes the form of two symmet-
rical sectors with an aperture of 50° each. Antennas
(linear size of no more than 15 m) should be wideband
(5-25 MHz) and weakly influence each other. The max-
imum radiation power of each antenna is 1 kW.

The layout of phased antenna array (PA), and the
block-diagram of the transmitting part of the radar are
given in Figure 3, a and b respectively.

Since the receiving antenna array is perpendicular to
the transmitting one, the elevation angle of received
signal is more difficult to identify than with the standard
geometry of PA (two parallel linear arrays) of Super-
DARN radars. This problem is suggested to be solved in
a digital form, which requires the use of 24 independent
synchronized receivers, implemented as a unit of ana-
log-to-digital converters (ADCs), and a multi-channel
system for digital signal processing, which receives ra-
dio signals at a carrier frequency (with a bandwidth
greater than the sounding signal frequency). The unit of
protection of radio receiving equipment (RRE) protects
the receiver circuits both from the influence of transmit-
ters and from unexpected external interference such as
thunderstorm activity. The unit of multichannel digital
frequency synthesizers and digital-to-analog converters
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(ADCs) with arbitrary setting of phase generates signals
for each transmitting antenna and thereby form the anten-
na pattern of PA for transmission. Radio transmitting
equipment (RTE) is output amplifiers providing a peak
signal power to 700 W in a pulsed mode and to 300 W in
a continuous mode as well as the required control of the
signal level and antenna matching.

To increase the signal level from ADC to RTE,
preamplifiers are used. The unit of control signals
synchronizes the receiving and transmitting modes
throughout the complex and generates other control
signals. The general control over the complex, data
processing and storage are performed by the signal
processing center. Operation of the radars is synchro-
nized via navigation satellites and the Internet, the
absolute timing accuracy is up to 10 ns, which allows
several SECIRA radars to work as one system and to
use transmitted signals of each other.

The continuous operation will allow us to utilize the
radar as an independent instrument for diagnostics of
the background ionosphere by oblique sounding, specif-
ically as a transmitting and/or receiving complex for the
Russian network of chirp ionosondes [lIvanov et al.,
2003] and transmitting complex for chirp ionosonde-
direction finders [Vertogradov et al., 2013], which pro-
vides a significant increase in the coverage area of iono-
spheric observations and the integration with the equip-
ment currently available in the Russian Federation for ion-
ospheric observations.

To test elements of the SECIRA radar, we have de-
veloped a MAGW radar, which is intermediate between
CUTLASS and SECIRA radars. The radar simultane-
ously exploits the equipment of CUTLASS type and the
additional analog-to-digital equipment developed at
ISTP SB RAS. MAGW has PA intermediate in its struc-
ture between PA of SuperDARN and SECIRA radars.
The general layout of the MAGW radar and the form of
its PA are shown in Figure 4.

Today, the MAGW radar is being tested, and the
start of regular observations is being agreed upon. Charac-
teristics of radars of all the types are compared in Table.

PROTOTYPE FOR THE SECIRA
RADAR

To evaluate the performance of the SECIRA radar
under the NHC RAS project, we have prototyped its
individual units.

Prototyping of the digital unit of the radar

The digital unit of the radar is the most complex and
most demanding of computing resources. The digital
unit of the SECIRA radar was prototyped using the
hardware unit manufactured by National Instruments.
The NI PXle 1085 chassis in use is structurally com-
posed of an Intel PC-compatible computer and PXle
data bus. The PXle data bus is a key element of the sys-
tem combining all digital units of the radar. The data bus
provides data transfer between the units at a rate up to 24
Ghit/s (to 8 Ghit/s between the two units). The data bus has
16 slots for field-programmable gate array (FPGA) boards
and one slot for the module of distribution of synchroniz-
ing signals and generation of a clock signal.
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Figure 3. PA layout (a) and block-diagram of the SECIRA radar system (b): RRE is the radio receiving equipment; RTE is
the radio transmitting equipment; CSU is the control signal unit; DAC unit is the digital-to-analog converter unit; ADC unit is the
analog-to-digital converter unit; SPC is the signal processing center; blue lines indicate signal reception chains, red lines are sig-

nal transmission chains, black dashed lines mark driving signal chains.

Figure 4. MAGW radar: a — the general view of PA; b — antenna layout in PA
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Comparative characteristics of ISTP SB RAS radars

EKB MAGW SECIRA V. 2
(SECIRA v.1)
Receivers and transmitters CUTLASS CUTLASS + self- self-engineered design
engineered receivers
Phased antenna array two parallel PA two parallel two perpendicular
(16+ 4 antennas) and one PA (16+8 antennas)
perpendicular PA
(16+4+4 antennas)
I/Azimuthal phasing system for transmission analog analog digital
IAzimuthal phasing system for receiving analog analog for 20 antennas and digital
digital for 4 antennas for 24 antennas
Receivers 2 analog 2 analog 24 digital
and 4 digital direct digitizing
Frequency band 8-20 MHz 8-20 MHz 5-25 MHz
IAccuracy of absolute synchronization 100 ps 100 ps 10 ns
Number of independent frequency channels 2 2 2
Number of independent spatial 1 1 16
channels for 1 frequency channel (transmission)
Number of independent spatial 2 6 24
channels for 1 frequency channel (receiving)
Minimum discrete 100 ps 100 ps 10 ps
of sounding pulse
Capability of intrapulse — — +
phase modulation
Continuous signals — — +
Mean transmitter power 600 W 600 W 600 W
in the pulse mode
Mean transmitter power - - 300 W
in the continuous mode
Data storage format 1Qdat 1Qdat 1Qdat
AP beamwidth 3-6° 3-6° 3-12°
Effective azimuthal field of view 50° 50°+ 50° 50° + 50°
(back lobe) (back lobe)
Uncertainty in determining the elevation angle high low low
Degree of readiness for work has worked deployed, under development
since 2012 underway
A key difference between FPGA and processors and St |,;,m | L
microcontrollers is in the absence of the predetermined : I
circuit logic. These devices allow us to develop high- L ook siggial i 8= oo ;
capacity hardware systems for digital signal processing. : : — '
The general layout of the digital kernel of the system is Slot 7 : S
presented in Figure 5. % Clock signal input
The developed software of the radar consists of ADC ]<— Antenna
three main units — a signal generation and transmis- stot 8 H rpga Jof TARC]+— Anteana

sion unit, a recording unit of received signals, and a
unit of the main control software. The kernel modules
were programmed by constructing logical flowcharts
in the graphical programming environment LabVIEW.

The simulation and testing have revealed that the
developed software and hardware prototype of the dig-
ital unit of the SECIRA radar allows us to functionally
duplicate the CUTLASS radar. In this case, the radar
can work both with the MAGW radar array (Figure 4,
b) and with a new array of the SECIRA radar (Figure
3, a). The prototype contains ~2/3 of hardware re-
sources (logic blocks) of receiver boards and 1/2 of
logic blocks of transmitter boards. The considerable
store of FPGA resources enables further implementa-
tion and modernization of the remaining operation
modes of the radar.
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Prototyping of radar transmitters

The transmitting unit of the radar has been proto-
typed using RTE designed by the Omsk Branch of NPO
Zavod Volna specifically for ISTP SB RAS. Each
transmitter consists of a power output amplifier, an an-
tenna-feeder monitoring system, a monitoring and con-
trol system in a single metal housing. RTE can operate
in pulse and continuous modes. A transmitter provides a
peak output power for the antenna-feeder system up to
700 W in the pulse mode, and a mean output power of ~
200 W in the continuous mode. The transmitter has a
system of on-line control of its temperature and the state
of the antenna-feeder system with data transmission to
the control computer.

Analog RTE circuits provide a 1.5-30 MHz band-
width and have output filters for this frequency band.
Power versus frequency in the two operating modes is
shown in Figure 6.

As shown by the prototyping, these transmitters
have satisfactory characteristics and can be used in
SECIRA radars.
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Figure 6. Transmitter output power in pulse (a) and con-
tinuous (b) modes as a function of frequency
Prototyping of radar antennas

An important part of the radar is its antenna systems.

The need for energy efficiency of the radar requires
antennas well matched for the entire operating frequency
band 5-25 MHz. To ensure a well matched and efficient
(standing wave factor (SWF) <2.5 in the operating
range) operation of the antenna array, antennas should be,
on the one hand, sufficiently large and, on the other
hand, weakly affect the adjacent antennas. We have
created a prototype of the antenna (omega-log-periodic)
satisfying these parameters. This is a log-periodic an-
tenna whose dipoles are bent at an angle of ~60°. Such
antenna geometry minimizes the interference of adja-
cent antennas even if they are closely spaced in PA.

The general layout of the antenna is given in Figure
7, a. The antenna was prototyped using the MMANA
software. Figure 7, b shows the behavior of SWF as a
function of frequency. We can see that the antenna is
energy efficient and its SWF is not more than 2.5 in the
operating frequency band of the radar. The prototyping
has shown that the antenna system on the basis of this
antenna can be used in SECIRA radars.

CONCLUSION

SuperDARN radars were originally developed to
study convection in polar regions. Their long-term oper-
ation has, however, expanded the range of geophysical
problems solving by the radars, at the same time identi-
fying the problems arising from the use of such radars.
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Figure 7. General layout of the antenna prototype and its antenna pattern (a), as well as its SWF as a function of frequency (b)
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The paper has defined the main areas of research at
the network of coherent decameter radars SECIRA, de-
veloped by ISTP SB RAS under the NHC RAS project.
We have set forth the prerequisites of the development
of new-generation national radars and the full range of
expected geophysical problems and modern approaches
to their solution. We have described the structure of
SECIRA radars and technical solutions used for design-
ing them, demonstrated the differences between the new
radars and SuperDARN radars. We have reported the
results of prototyping of individual components of the
SECIRA radar, which show that they can be applied to
new-generation radars.

SECIRA radars along with the radars deployed by
ISTP SB RAS before (Figure 8) should, first, expand
the capabilities of Russian radars as compared to Su-
perDARN radars and, second, integrate effectively with
the existing national and international networks of geo-
physical instruments. We plan to cover the RF territory
by twin radars located in the Sverdlovsk (EKB, 56° N,
58° E), Irkutsk (IRK, 53° N, 105° E), and Magadan
(MAG, 60° N, 150° E) regions and in the north of the
Krasnoyarsk Region (NOR, 69° N, 88° E).

Deployment of the SECIRA radars will significantly
improve the information content of basic and applied
studies of ionospheric processes over the territory of the
Russian Federation including high latitudes, in particu-
lar due to the integration of the SECIRA radar network
with the existing Russian networks of instruments for
ionospheric, optical, magnetic, and meteor observations.

Figure 8. Expected fields of view of SECIRA radars
deployed and planned. Contour lines show fields of view of
SuperDARN radars

The high temporal resolution of the radars, the wide
spatial coverage of each instrument, the development of
new sounding and data analysis techniques allow us to
reach the state-of-the-art level of research into the magne-
tosphere-ionosphere-atmosphere-lithosphere  interaction
and to solve problems in real time both of studying relat-
ed phenomena and of their effective prediction.
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