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Radio waves strongly interact with free electrons in space plasmas, and these interactions form 

both the source of space weather impacts on communication and navigation systems as well as the basis 
for a variety of plasma measurement techniques. The history of geospace research has been driven by 
discoveries made with increasingly sophisticated radio techniques. The incoherent scatter radar (ISR) 
technique in particular has become one of the most incisive ionospheric measurement techniques since it 
provides complete altitude profiles of all the plasma properties simultaneously, including plasma density, 
electron and ion temperatures, and light ion composition in the topside. Recent notable examples of 
impactful research using ISRs include the discovery of extreme polar cap electric fields that do not 
saturate, the revelation that pulsating auroras are associated with heating of the F-region ionosphere and 
ion upflow, the detections of high-altitude ionospheric irregularities extending up well beyond the F-layer 
at mid-latitudes, and the observations of an unexpected ionospheric uplift during a solar eclipse. The ISRs 
continue to play a critical role in diagnosing the coupled atmosphere and geospace system, including 
contributing to coordinated studies of the ionospheric responses to sudden stratospheric warmings as 
tracers of whole atmosphere coupling pathways, advances in understanding of ion outflow and heavy ion 
circulation in geospace, and observations of subauroral fast flows and related stormtime phenomena 
which redistribute mass and energy on a global scale. 

The last decade has witnessed tremendous technological advances that enable future radio 
instrument designs that were previously unattainable. These include developments in broadband antenna 
design, technologies for clock distribution that are necessary for calibration of true time delays in 
broadband radio arrays, improvements to analog-to-digital converters that enable direct sampling at the 
carrier frequency without analog mixing to an intermediate frequency, the proliferation of commercially 
available high performance software defined radio (SDR) systems, and development of massively parallel 
computing algorithms using graphical processing units (GPUs). Many of these technologies are already 
being embraced by the radio astronomy community to construct highly capable radio arrays. Modern 
examples include Square Kilometer Array precursors such as the Low Frequency Array (LOFAR), the 
Kilpisjärvi Atmospheric Imaging Receiver Array (KAIRA), the Murchison Widefield Array (MWA), and 
the Long Wavelength Array (LWA). These facilities have demonstrated the feasibility of operating 
antenna arrays over broad bandwidths (e.g. LOFAR covers both 10-80 MHz and 120-240 MHz) and of 
advanced digital beamforming techniques that can effectively look in many directions simultaneously. In 
addition to radio receiver improvements, the last decade has also seen considerable improvements for 
active experiments, through high power transistors that can tolerate extreme operating conditions and the 
development of simultaneous transmit and receive (STAR) phased array architectures. Solid state 
transmitters and phased arrays with no moving parts can be run unattended, and the recent work with the 
Jicamarca Unattended Long-Term Investigations of the Atmosphere (JULIA) and Poker Flat Incoherent 
Scatter Radar (PFISR) International Polar Year (IPY) modes has demonstrated the scientific value of 
continuous operations of phased arrays. 

The radio facilities of the future will be so flexible that they will be able to conduct multiple 
different types of radio observations simultaneously, capable of both radar experiments and passive radio 
propagation observations in a radio astronomy mode. As such, these facilities will be perfectly poised to 
drive interdisciplinary science in atmospheric science, geospace science, and astronomy. Today, the radio 
astronomy community is already making significant contributions to ionospheric science, such as the 
discovery of field-aligned ionization ducts between the ionosphere and plasmasphere identified using the 
MWA and the discovery of radio afterglows emitted by meteors using the LWA. Recent work has also 
been inventing new, information-rich passive radio techniques for characterizing the ionosphere, such as 
the spectral riometer technique demonstrated with KAIRA. 

Future radio arrays will be able to maximally exploit the spatial information contained across 
distributed arrays of antennas. Current geospace phased arrays, such as the Advanced Modular Incoherent 
Scatter Radar (AMISR) systems, are essentially single input single output (SISO) architectures that 
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transmit and receive in one narrow beam at a time using narrowband delay lines to determine that beam. 
In contrast, radio arrays using digital beamforming can look in numerous directions simultaneously, 
effectively creating multiple outputs. These multiple outputs can be used to create images of structures 
within the illuminated transmit beam. Furthermore, systems with distributed transmitters can transmit 
different waveforms from different parts of the array, creating multiple inputs. The combination of these 
techniques results in the radar multiple input multiple output (MIMO) architecture which is only 
beginning to be explored. For example, recent radar MIMO experiments using the Middle Atmosphere 
Alomar Radar System (MAARSY) were able to image atmospheric dynamics in the polar mesosphere 
with an effective antenna diameter of 450 m, five times larger than the physical diameter.  Detailed 
neutral atmospheric measurements with MIMO meteor wind systems at VHF are beginning to reveal 
previously unavailable yet crucial information on small scale eddies and energy exchange as well as 
probing the fundamental physics of forward scatter at meter wavelengths. 

In addition to interferometry between antennas in an array, systems of the future should also gain 
spatial information by using multiple widely spaced arrays as multistatic receivers. Observing signals 
from multiple different scattering geometries enables unambiguous determination of vector velocities. 
This will improve fidelity over current ISR experiments, as these require using assumptions about spatial 
uniformity to reconstruct vector velocities from monostatic line-of-sight Doppler measurements, with 
limitations on the ability to resolve complex flows and shears. Multistatic observations further allow 
probing anisotropic plasma properties, such as anisotropic ion velocity distributions that are expected to 
form at high latitudes, as well as wave scattering processes that are anisotropic. 

Radio facilities of the future will be able to tackle a variety of compelling research areas in ways 
that are unlike those provided by any other mode of observation. These include: 
- Dynamics of the middle atmosphere and lower thermosphere: The region from 60 km to 200 km 

altitude is largely inaccessible to satellites, and yet this region is critical to understanding coupling 
between the middle atmosphere and lower thermosphere. It is in this region that atmospheric gravity 
waves undergo nonlinear interactions, break, and generate secondary and tertiary waves that drive 
ionospheric and thermospheric variability. It is also in this region where the E-region ionospheric 
dynamos are driven. Mesosphere-stratosphere-troposphere (MST) radars scatter directly from 
atmospheric turbulence and require the Kolmogorov microscale to be larger than the radar’s Bragg 
wavelength. Incoherent scatter radars require sufficient free electron density for Thomson scatter. As 
such, ultra-high frequency (UHF) facilities such as the AMISRs have a “radar gap” between 20 km 
and 90 km altitude where they normally cannot observe any detectable scatter. Facilities of the future 
can operate at lower frequencies, or multiple different frequencies, to cover the entire altitude profile 
without gaps using a combination of MST and ISR techniques. 

- Geospace Electrodynamics at Multiple Scales: Electrodynamic magnetosphere-ionosphere coupling 
occurs across a broad range of scales, and describing this coupling is necessarily going to require the 
development of new theories and sub-grid parameterizations for global-scale models. The radars of 
the future should be able to image mesoscale (10-500 km) flow channels and to use multistatic 
geometries to unambiguously resolve flow shears. The ability to image E-region electron densities 
also allows radars to image ionospheric conductivities and conductivity gradients, an elusive yet key 
quantity for accurate understanding of fundamental neutral – ionized atmospheric coupling at all 
latitudes. Lastly, electrodynamic coupling becomes nonlinear when plasma instabilities such as the 
Farley-Buneman instability create anomalous conductivities. Understanding these multiscale 
electrodynamical processes is imperative for predicting space weather impacts on technology, 
including ionospheric irregularities at the Fresnel scales that can disrupt radio signals and time 
varying ionospheric currents that produce the time varying magnetic fields responsible for 
geomagnetically induced currents. 

- Cold Plasma Circulation: The ISR technique is perfectly suited to diagnosing cold (<1 eV) plasmas 
that are extremely difficult to characterize by spacecraft instruments in the presence of spacecraft 
charging. As such, ISRs can make major contributions to our understanding of cold plasma 
redistribution in geospace through ion outflow or plasmaspheric refilling. Cold plasma interactions 
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are now recognized to be fundamentally important for a vast range of magnetospheric physics, from 
cloak/warm ion trajectories in the inner magnetosphere to wave-particle coupling and nonlinear 
radiation belt acceleration.  ISRs are limited to plasmas whose Debye length is small compared to the 
radar’s Bragg wavelength, so pushing ISRs to high altitudes and lower plasma density regimes 
requires operating at lower frequencies. Jicamarca, the lowest frequency ISR in operation, has 
demonstrated plasmaspheric observations out to 10,000 km altitude. Radar facilities of the future 
could be designed to probe cold plasmas in these high-altitude regions routinely. 

- Plasma Kinetic Theory: ISR observations have proven to be some of the most detailed validations of 
linear plasma kinetic theory ever performed. ISRs have confirmed exotic predictions of kinetic theory 
such as plasma line splitting at cyclotron harmonics due to cyclotron damping. The proper 
interpretation of ISR spectra near perpendicular to the magnetic field requires a detailed description 
of Coulomb collisions in a magnetized plasma, and the problem has motivated careful tests of the 
limits of modern particle-in-cell simulation codes. Various forms of unstable plasma waves observed 
by ISRs continue to challenge our understanding of plasma instabilities, including enigmatic 
observations in the equatorial valley region producing the “150-km echoes,” observations of 
Langmuir cavitons and naturally enhanced ion acoustic waves in the aurora, and observations of 
electron heating by Farley-Buneman waves. Radar facilities of the future will be able to further 
challenge our understanding of kinetic theory by probing these phenomena at multiple different 
wavenumbers simultaneously, either by using multiple frequencies or through multistatic geometries. 

- High Risk, High Reward Discovery Science: A future facility with superlative characteristics in terms 
of transmit power and receive area will be able to explore new possible radar targets in high risk, high 
reward experiments. A possible area of exploration is reflections directly from the solar corona, 
providing information on the bearing and velocity of emerging coronal mass ejections. This solar 
radar concept was initially demonstrated in the 1960s with experiments in El Campo, Texas, but those 
results remain controversial. A far more sophisticated future facility would be able to replicate those 
experiments and resolve the controversies. A massive radar could also be used for planetary radar 
activities, such as exploring the subsurface of solar system objects. Recent experiments have used 
Jicamarca to probe the subsurface of the Moon at the lowest frequency ever used for that purpose and 
discovered unexpected structures. A large facility could also be used to look for other unstable plasma 
waves that can produce coherent scatter. The recent accidental discovery of echoes above 2000 km 
altitude at the magnetic equator over Jicamarca hints that there are more such radar targets to discover 
in the complex inner magnetosphere, a region of extreme dynamics as cold dense plasma overlaps hot 
tenuous plasma. 

 
Enabling discovery research with future radars and radio arrays will require efforts to create an 

environment for this type of research to thrive. These efforts will require funding opportunities for the 
development of major ground-based facilities, streamlined processes for coordinating major space-based 
missions with ground-based facility operations, and educational support to train the next generation of 
radio scientists with the necessary mix of electrical engineering, computer science, and physical science 
skills. In addition to discovery research, developments in future radars and radio arrays could also benefit 
operational space weather missions since the facilities of the future will be able to run continuously and 
produce data in real time. 
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