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ABSTRACT

The Super Dual Auroral Radar Network (SuperDARN) is an international network of oblique HF over-the-horizon
radars dedicated to the study of high latitude magnetosphere-ionosphere convection. In scientific terms, they have been
an outstanding success, contributing key observations to more than 500 scientific papers. In recent years, an explosion
of technological advances aimed at improving the capability of the radars has begun. However, the standard concept
and data products of SuperDARN radars has not been compromised. This paper argues why a unified fully digital re-
design of SuperDARN needs to be developed and adopted by the community. A network of “DigiDARN” radars will
help to solve data consistency and quality problems, and greatly increase the amount of ionospheric echoes recorded
across extended spatial regions through a combination of time and frequency multiplexing, and enhanced, adaptive
beam forming. Multi-channel operation will aso enable multiple parallel data acquisition streams optimised for the
study of different physical processes. The use of field programmable gate array (FPGA) technology will make it
possible to operate different virtual radars using the same physical antenna array, thereby enabling experimental
research at the cutting edge of modern space physics.

INTRODUCTION

Various globaly distributed instrument arrays for ionospheric and space weather research are under development.
These instrument arrays include extensive networks of ground-based magnetometers used to infer a 3-D picture of the
currents flowing in the ionosphere and magnetosphere [1], co-ordinated networks of digital ionosondes used to measure
the vertical profile of the bottom-side ionosphere [2], and extensive networks of ground-based global positioning
satellite (GPS) receivers used to measure total electron content (TEC), perform ionospheric tomography, and study
scintillations caused by 1-km scale irregularities [3]. Some elements of the ground-based optical community have also
moved to adopt uniform instruments and data formats (e.g. NORSTAR [4]). There is a'so a movement in satellite-based
research to deploy clusters and swarms of similar or closely related spacecraft (e.g. Cluster, Themis [5], and STSP
space probes in general). Globally co-ordinated measurements are essential to obtain a deep understanding of the
overal evolution of the coupled solar wind-magnetosphere-thermosphere system during quiet and disturbed space
westher.

The Super Dua Auroral Radar Network (SuperDARN) is an international network of oblique looking over-the-horizon
radars dedicated to the study of high latitude convection [6], [7]. Fig. 1 shows the network presently consists of 9 radars
encircling the northern magnetic pole, and 7 radars encircling the south magnetic pole. The network continues to grow,
with new “PolarDARN” [8] radars to be commissioned shortly, and at least five “ StormDARN” [9] radars proposed for
mid-latitude locations in coming years. There is even a possibility of eventually deploying a network of
“EquatorDARN” radars for study of the equatorial electrojet and tropical ionosphere. It is conceivable that one day
SuperDARN will form a coordinated distributed array generating a uniform database of measurements applicable to the
entirety of the Earth’s upper atmosphere and ionosphere, and complimenting databases generated by other distributed
arrays such as those used for ionospheric tomography. The use of digital technology has the potential to drive down
costs and increase the operational flexibility of instruments, whilst aso greatly assisting in their widespread
deployment.
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Fig. 1. The fields of view (FoV) of the SuperDARN radars located in the Northern Hemisphere (left) and the Southern
Hemisphere (right).

SuperDARN radars rely on the transmission of HF radio waves which undergo refraction in the ionosphere until they
become orthogonal to decametre-scale magnetic field-aligned irregularities, whereupon Bragg backscatter occurs, and a
tiny fraction of the energy is returned to the receiver. A primary data product generated by SuperDARN measurements
is effectively the ionospheric eectric field obtained at numerous locations from the line-of -sight Doppler velocity, Vi os,
since v=E” B/B? in the F-region [10]. The “map potential” analysis [11] combines many individual v os measurements
to constrain a series expansion of spherical harmonic functions to the global scale distribution of electric potentia in the
high-latitude ionosphere. Estimates of the cross polar cap potential are also made in near real time
(http://superdarn.jhuapl.edu/ ). The map potential analysis is the data product most extensively used by the wider
scientific community.

Descriptions of SuperDARN radars have been given in numerous papers (e.g. [6], [7]). Briefly, SuperDARN radars use
a 240-m linear array of 16 log periodic antennas transmitting between 8 and 20 MHz, but in practise the radars mostly
transmit between 10 and 14 MHz. The antenna array is phased to produce 16 different beams, each of half-power width
~4éat 12 MHz, and separated by 3.24éto form afield of view (FoV) ~52éwide (i.e. Fig. 1). The transmitted pulses are
300 s wide and the received echoes are digitised at 70 group ranges commencing at 180 km and separated by 45 km.
During common time operations, the radars integrate for 3 s or 6 s on each beam, completing one full 16-beam scan
every minute or two, respectively. However, many different operating modes are employed during discretionary time.

The radars rely on the use of a patented 7-pulse sequence to make measurements of large Doppler shifts whilst
minimising the effects of range aliasing [12], [13]. Throughout each integration, the echoes obtained from the 7-pulse
sequence are coherently averaged and processed to obtain auto-correlation functions (ACFs) of the received echoes.
The ACFs are processed with a standard algorithm known as FITACF [13] to estimate the main echo parameters which
include the backscatter power, or the signal-to-noise ratio (SNR) of echoes, their line-of-sight Doppler velocity, v, os,
(m s%) and their Doppler spectral width (m s). Hereafter, we shall refer to this as the standard pulse set-FITACF
approach. Most of the radars include another sub-array of 4 log periodic antennas located 100 m in front or behind the
main antenna array. By cross-correlating the signals received on the main and sub-arrays, the elevation angle of the
echoes can be estimated [14].

What makes SuperDARN “super”? The existing SuperDARN radar design is based upon anal ogue concepts which date
back to the late 1970s, but there have been subsequent improvements to the radar hardware and software. For example,
several SuperDARN research groups have been responsible for major innovations, such as “ Stereo-DARN” [15], the use
of digital receivers [16], and the development of a new, economical antenna array [17]. However, what really makes
SuperDARN “super” is not the technology. The origina SuperDARN principal investigators drafted an agreement
which, in effect, meant all the radars would use the same radar operating system (ROS) to operate the same common
modes to generate the same data products. And, in practice, the wider scientific community can access the common



mode data by collaborating with the SuperDARN groups. Adherence to the PI's agreement is more central to the
success of SuperDARN than the hardware itself, which has the potentia to diversify within the constraint that
compatible data products are generated. For example, the SPEAR ionospheric heater [ 18] may use the same ROS and
generate data products compatible with SuperDARN.

At the time of writing, the SuperDARN web site lists over 500 publications using SuperDARN data. No doubt thisis a
lower estimate of the true number of publications. Given the outstanding success of SuperDARN, why isthere a need to
change the existing analogue design of the radars? Clearly, a network of flexible, multi-channel digital radars,
“DigiDARN,” will be cheaper, more compact, modular, and easier to build and maintain, and by itself, this will greatly
assist the deployment of more radars than is presently possible. Although most digital techniques can be implemented
using analogue techniques, the latter may not be the most practical, cost effective solution, and recent history
demonstrates the migration to digital technology invariably leads to increased economy and functionality (e.g. personal
computers, digital cameras, mobile phones).

In summary, the aim of this paper is to argue the scientific case for why the SuperDARN community needs to upgrade
the network using a new, flexible DigiDARN design. This paper does not aim to solve all the technical problems; rather
it a@ims to explore future applications and capabilities. Other papers have outlined a fully digital design for SuperDARN
radars [19], and a roadmap for their implementation [20]. Numerous future studies developing the full capability of
DigiDARN are anticipated (e.g. the devel opment of novel sounding modes).

EXTENDED RADAR FIELDSOF VIEW & FREQUENCY MULTIPLEXING

Acquisition of measurements continuous in space and time is crucia to attaining an understanding of magnetosphere-
ionosphere el ectrodynamics. Hence a main goa of SuperDARN is to maximise the detection rate of high SNR echoes
from vast regions of the Earth’s surface, upper atmosphere, and ionosphere (since all echo types provide important
scientific information). Higher echo detection rates enable the map potential analysis to generate more reliable global-
scadle convection patterns and estimates of the cross polar cap potential. They also result in more accurate
representations of meso-scale features in the convection of ionospheric plasma. DigiDARN will help address the goal of
increasing the number, SNR, and spatial coverage of echoes using approaches discussed here. First, we discuss the use
of adaptive beam forming and frequency multiplexing, thereby forming ultra-wide fields of view (FoV) recording more
extensive ionospheric scatter. DigiDARN should not necessarily be viewed as a specific radar design. Rather, it should
be thought of as reprogrammable digital hardware platform supporting a diversity of radar configurations and operating
modes.

As mentioned, the nominal operating frequency range of SuperDARN is 8 to 20 MHz, and the antenna array is phased
to produce 16 different beams separated by 3.24éto form a ~52éwide FoV (Fig. 1). These sixteen beams were chosen to
keep the grating side-lobe gain well beneath the gain of the main beam [6]. In practise, HF propagation conditions mean
that most ionospheric scatter is detected using frequenciesin the range 10 to 14 MHz, and grating or side lobes are not a
significant issue when using frequencies less than 15 MHz. Our antenna pattern modelling indicates the capability of
the existing antenna array to generate beams pointing in many other directions has been under-utilised [21]. This is
especially the case at the lower operating frequencies, 8 to 12 MHz. Again, possible trade-offs include decreased SNR
and increased beam width, but the advantage of achieving extended spatial coverage is compelling.

Fig. 2 summarises how the characteristics of the two-way antenna array patterns change with beam direction and
transmitter frequency for the standard SuperDARN antenna array. The antenna array patterns were calculated at every
frequency by numerically summing the individual phasors of al 16 antennas in the far field, whilst incorporating the
phase shifts required to steer the main beam in different directions. A simple cosine squared model for the radiation
directivity of the individual |og-periodic antennas was used, and the relative amplitude of the back (behind the array)
lobes was modelled using the approximation [10"°] "2 where f is given in MHz [21]. The antenna patterns were
squared to allow for transmission and reception, and then squared again to convert from amplitude to power.

Idedlly, the antenna array patterns combined with the radiation directivity of the individual log-periodic antennas
including the effects of the ground plane should be modelled using an advanced version of Numerical Electromagnetics
Code (NEC) [22]. This may result in a more accurate representation of the characteristics of the two-way antenna array
patterns than shown here. However, note the approximation used for the front-to-back ratio of the log-periodic antennas
summarises the results of NEC modelling presented in a CUTLASS tutorial paper. Moreover, our model of the phased
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Fig. 2. (a) The half-power full width of the main beam for two-way antenna array patterns calculated at every frequency
separated by 100 kHz between 8.0 and 20.0 MHz, and for all main beam directions separated by 3.24° between - 90°
and +90° where 0° is the radar boresight. (b) The maximum grating or side lobe level in the forward direction relative to
the main beam. (c) The maximum side lobe level in either the forward or reverse direction relative to the main beam. The
vertical white lines represent the 16 main beams generated using the standard SuperDARN radar design.



array pattern is physicaly correct, and must provide an accurate representation of the radiation pattern in the far field.
The validity of our arguments are not contingent on the use of NEC model ling.

Fig. 2 (a) shows the half-power full width (HPFW) of the main beam calculated for all main beam directions separated
by 3.24&between - 90éand +90éwhere 0&is the radar boresight, and at every frequency separated by 100 kHz between
8.0 and 20.0 MHz. The inner most sixteen beams (vertical white lines) are the standard SuperDARN beams generated
by the analogue phasing matrix. As expected, the HPFW for the centre beams decreases from ~6éto 2é over the full
frequency range, and for a fixed frequency, the HPFW increases as the off-broadside beam direction increases. The
HPFW islargest at the lowest operating frequency in the end-fire beam direction, £90& However, these beam directions
are unusabl e because of nullsin the antenna patterns of the individual 1og-periodic antennas.

Fig. 2 (b) shows the maximum grating or side lobe level relative to the main beam, where only side lobesin the forward
direction have been considered. Hereafter we use “side lobe” in a generic sense to include “grating lobes’. The
calculations are for the same main beam directions and frequencies as in part (). As expected, the relative side lobe
level increases with operating frequency and off-broadsi de beam direction.

Importantly, the relative side lobe level islessthan —24 dB over most of the space defined by the 16 standard beams and
the frequency range, 8 to 14 MHz. In order to eliminate side lobes, the spacing between antennas must be less than /2
[23]. For the TIGER radars, the spacing between antennas is 15.24 m, and /2 corresponds to 9.8 MHz. Fig. 2 (b) shows
asymptotic behaviour near this frequency. However, keep in mind the amplitude of the main lobe is suppressed at large
off-broadsi de angles by the cosine squared function in our model.

Fig. 2 (c) also shows the maximum side |obe level relative to the main beam, except that side lobes directed behind the
antenna array have also been considered. The principle backward grating lobe is aso treated as a side lobe in this
analysis. Considering the centre beams, the relative side lobe level decreases with frequency because the principle back
lobe is suppressed according to [107%) 2. Otherwise, and as in Fig. 2 (b), the relative side lobe level increases with
operating frequency and off-broadside beam direction. There is also asymptotic behaviour near frequency 9.8 MHz. In
the present model, the principle back lobe is as great as 4 dB at the lowest frequencies, consistent with frequent
observation of ground backscatter from behind the array.

The presence of strong back lobes is not necessarily a problem. In practise, little ionospheric scatter is observed from
behind the array where the radio waves become orthogonal to the magnetic field lines over a restricted group range
window. Moreover, the most intense ionospheric irregularities tend to occur in the auroral oval, usually observed in the
poleward direction. Nevertheless, the detection of ground and sea scatter in the reverse direction is of immense value
for the study of atmospheric gravity waves and ULF waves.

The important point of Fig. 2 is that there are many potentialy useful beam directions beyond the 16 standard beam
directions (vertica white lines), especialy at frequencies less than 12.0 MHz. Extending out to off-broadside angles of
60é the HPFW remains less than 8é and the relative side lobe level remains less than - 18 dB. Of course, theincreasein
the HPFW will increase the spatial averaging, and thisis a trade-off which may produce subtle affects on the FITACF
Doppler velocities and spectral widths. Whilst analogue techniques can be used to generate arbitrary main beam
directions, digital beam forming has greater potential for cost savings whilst achieving flexible, multi-function
operation.

The Tasman International Geospace Environment Radar (TIGER) [24], [25], [26] consists of two SuperDARN radars
with overlapping FoV's, one located on Bruny Idland, Tasmania, and the other near Invercargill, New Zealand. Fig. 3
uses the location and boresight of the Tasmanian radar to further illustrate the potential of DigiDARN hardware coupled
with the existing SuperDARN antenna array to extend the radar FoV. The fan plots shows an imaginary FoV consisting
of all beam directions separated by 3.24&between - 90éand +90éwhere 0&is the radar boresight. The results shown are
for the two-way antenna array patterns at the frequency 12 MHz. The three colour scales represent (1) the HPFW of the
main lobe, (2) the gain of the main |lobe relative to its maximum value in the broadside direction, and (3) the gain of the
maximum side-lobe relative to the gain of the main lobe. It is debatable how many beams beyond the standard radar
FoV (white lines) are useable, but the side lobe level is till less than - 15 dB for an additional four beams in either
direction.

Fig. 4 presents the same characteristics of the antenna array pattern, except at the frequency 10 MHz, and for both
TIGER radars with antenna arrays facing in the forward and backward directions. Hence we assume an antenna array
design consisting of two oppositely looking back-to-back arrays separated by a conductive reflector. Beams were only



Fig. 3. Characteristics of the antenna array for the TIGER Tasmania radar at frequency 12 MHz. The geographic map
illustrates the variation of (a) the HPFW of the main beam for two-way antenna array patterns calculated for all main
beam directions separated by 3.24° between - 90° and +90° where 0° is the radar boresight (top scale), (b) the power in
the main beam relative to its maximum value in the broadside direction (middle scale), and (c) the maximum side lobe
level in the forward direction relative to the power of the main beam (bottom scale). The two white lines demarcate the
standard SuperDARN radar FoV.

plotted if the HPFW was less than 8& the relative power in the main beam was greater than - 6 dB, and the maximum
power in aforward side lobe was less than - 18 dB. At this lower working frequency there are up to 9 useable beams in
either direction beyond the standard FoV. The spatial coverage of auroral and sub-auroral ionospheric scatter would be
greatly increased, and the coverage of sea scatter would be extended to include the Tasman Sea, and the South Pecific
Ocean including the Coral Sea. The latter scatter is useful for oceanographic, upper atmosphere, and space weather
studies. The mgjor cost would be the construction of the improved back-to-back antenna arrays.

Over the years, various adaptive radar control strategies have been employed by SuperDARN to increase the number of
ionospheric echoes detected. Presently, at the end of each common mode scan, the radars perform a set of 1-s
integrations on a subset of beams and licensed frequency bands. A count is made of the number of ranges where
ionospheric echoes are detected above some threshold SNR, and then the frequency band with the maximum count is
fixed for a subsequent predefined interval (e.g. 15 minutes). Adaptive beam forming strategies can a so be employed to
enhance radar operations. One strategy might involve measuring the amplitude and phase of every individual antennain
real time (i.e. a red time calibration). This calibration would then be used to calculate actual antenna patterns to
determine whether a beam is useable according to predefined criteria such as acceptable main and side-lobe gains.
Other strategies might involve homing in on regions of intense ionospheric scatter with higher angular and temporal
resol ution, thereby reducing wasted operational time.

StereoDARN [15] is an outstanding example of atechnical innovation which has increased the capacity of SuperDARN
to detect more ionospheric scatter. Stereo-DARN works by multiplexing the same pulse set in the time domain, but the
two frequencies cannot be identical because of cross-channd interference. StereoDARN has achieved greater
experimental flexibility through this multiplexing capability. DigiDARN should readily enable radars to also
incorporate frequency multiplexing schemesin which the same or different pul se sets are transmitted simultaneously.






Fig. 4 (previous page). A geographic map illustrating the variation of the same parameters shown in Fig. 3, except at
frequency 10 MHz for the TIGER Tasmania and New Zealand radar pair in the forward (poleward) and reverse
(equatorward) directions. The characteristics of the antenna patterns were only plotted if the HPFW was less than 8°, the
relative power in the main beam was greater than - 6 dB, and the maximum power in a forward side lobe was less than
-18 dB. The white lines demarcate the standard SuperDARN radar FoV. The figure illustrates the potential spatial
coverage achievable using two DigiDARN radars using economical forward and backward facing antenna arrays.

However, aswith many radar applications, there will be trade-offs. In the case of frequency multiplexing, there will be a
modest decrease in SNR, since the transmitter power amplifiers have a maximum power rating and duty cycle, and the
power per channel must be roughly halved for every doubling of channel number. In practise, there may be no need to
multiplex more than 4 channels, which represents a modest 6 dB loss in transmitter power per channd. This might be
compensated by the improved gain obtained using afully digital architecture. Regardless, the moderate loss of transmit
power would be tolerable for many applications.

There is an ongoing debate within the SuperDARN community about how often the radars should be allowed to change
frequency to increase the number of echoes. One scientific camp argues for frequent opportunities to maximise the
number of echoes. Another scientific camp maintains the frequency should be fixed for many hours to diminate
discontinuities in the data which might otherwise corrupt a Fourier analysis aimed at detecting the signatures of long
period waves. This dilemma has partly arisen from limitations of the existing mono radar design. DigiDARN could
readily support the multiplexing of four fixed frequencies separated by ~1- 2 MHz. Hence the number of ionospheric
echoes detected would be maximised by a factor of ~2- 3, whilst not changing the frequency and interrupting the
continuity of data. The number of echoes detected would increase because the preferred range window for backscatter
tends to increase in group range with frequency. lonospheric echoes would be recorded at the nearest ranges using the
lowest frequency, and at the furthest ranges using the highest frequency.

A combination of adaptive beam forming and frequency and time multiplexing has the potential to greatly increase the
number of echoes and spatial coverage of the radar network. Of course, if the spacing between antennas were decreased
and the length of the main array increased, then the radar FoV and angular resolution could be further improved. The
useful frequency range would aso be increased from MF, through HF, to VHF, thereby permitting the seamless study
of ionospheric structure across a broad range of spatia structures. Again, although all of these developments could be
implemented using anal ogue technology, thisis not a practica suggestion.

DATA CONSISTENCY AND QUALITY

All the SuperDARN radars conform to the same basic design, both in terms of hardware and software, and the data
products they generate. However, al the radars differ because they were not built by the same technicians using
identical parts in the same “factory”. Variability in the choice of components, impedance matching, tuning etc. is
inevitable aspect of analogue design. There is also considerable variability in the technology at a modular level.
StereoDARN [15] presently consists of the two CUTLASS radars, the two Syowa radars, and TIGER New Zealand.
Digital receiver cards are presently being installed on the North American radars [16]. The Wallops Island radar uses a
new budget antenna design which may produce dightly different antenna patterns. Finaly, there is considerable
variability in the ground plane and noise levels at different radar sites.

It is well known that some of the SuperDARN radars perform better than others, detecting far more ionospheric scatter
with higher SNR. Some of the best radars include the Kodiak Iland radar in Alaska, and the TIGER Tasmanian radar.
The excellent performance of some radars must result from good engineering, site selection, and operating modes.
Variability in all of these aspects must affect the SNR performance, but there may also be subtle affects on the line-of-
sight Doppler velocities, spectral widths, and elevation angles measured by the radars. It is not known whether given
identical site characteristics, HF propagation conditions, and ionospheric irregularities, any two SuperDARN radars
would measure the same ionospheric parameters within statistical variability. It is important for the radars to feed
consistent data into assimilation model s including the map potential analysis|[11].

In an ideal world, there would be an “international reference radar,” perhaps located in Paris, the historical home of
international metric standards. All the radars in the network would be calibrated against this “metre stick” prior to
deployment at different locations around the world. This already happens to some extent, since key modules of the radar
hardware (e.g. the BAS Box, receivers, etc.) are sometimes manufactured by the same technicians in the same



laboratory, and shipped back there for calibration and testing. However, clearly some radars out-perform others.
Achieving perfect data consistency is an impossibility, but the adoption of DigiDARN technology would help eliminate
instrumental variability associated with tuned analogue circuits. All of the radars, and many more in the future, could
achieve a performance equal to or superseding that of the best radars in the network. The added continuity and quality
of datawould only benefit the science.

As mentioned, SuperDARN radars measure the elevation angle of the echoes by cross-correlating the signals received
on the main and sub-antenna arrays [14]. Fundamentally, this is a difficult measurement to make because the two
antenna arrays are displaced in a horizontal direction, yet the elevation angles are often small for an over-the-horizon
radar. In such a configuration, the errors in the elevation angles grow with the cosine of the elevation angle. Accurate
elevation angle data can be obtained through careful calibration of the phase shifts through the two analogue receiver
channels, and subsequent manipulation of the raw interferometer data, but thisis not a trivial exercise. Hence there are
quality issues with the elevation angle data. DigiDARN technology has the potential to almost eliminate problems
associated with calibrating the SuperDARN receivers, and thereby improve the accuracy of elevation angle data.

The 3-D distribution of plasma density throughout the ionosphere can be determined by inverting multi-beam, multi-
frequency elevation angle versus group path data [27]. SuperDARN has the potential to provide 3-D global-scale
reconstructions of the ionosphere, but this important scientific application will require consistent and accurate elevation
angle data.

THE PULSE SET-FITACF TECHNIQUE

As explained, the main scientific task of SuperDARN is the study of ionospheric convection. The pulse set-FITACF
approach [12],[13] was developed for this task, and the standard file formats it generates have been archived for ~15
years now. These file formats include “.dat” files storing the raw ACFs, and “ .fit” files storing the derived FITACF
parameters. The pulse set-FITACF technique generates a data acquisition stream that needs to be continued for many
years to come because of its proven scientific merit, and to support longer term studies.

The pulse set-FITACF technique is fundamental to the operation of SuperDARN radars and understanding the
technique should not be separated from the development of new radar modes which aim to preserve the existing
capability. Fig. 5 is a flow chart summarising the Nyquist parameters and data stream associated with the pulse set-
FITACF technique (red). Much of the following detailed discussion ultimately concerns limitations of the pulse set-
FITACF technique, and thus explains why a new flexible, multi function radar platform is required. A number of future
developments are suggested in the following section.

The pulse set-FITACF approach was devel oped to measure moderate ionospheric Doppler velocitiesin the order of 100
m s* to 1 km s*. The pulse set effectively achieves the pulse repetition rate required to measure these Doppler
velocities, whilst reducing the problem of range folding when sampling out to great ranges (>1000 km). FITACF
analyses the ACFs because velocity errors smaller than those implied by the Doppler resolution of the corresponding
spectra can be achieved. Discrete Fourier transforms (DFT) are not applied to the ACFs to obtain Doppler spectra.
However, the FITACF technique assumes the ACFs correspond to single-peaked Doppler spectra, and erroneous results
are otherwise obtained.

Furthermore, the DFT is a reversible process and the ACFs and Doppler spectra must encode the same information.
This means there must be away of analysing the corresponding Doppler spectrato estimate the spectral parameters with
the same accuracy as FITACF. If the assumption of single-peaked spectra is made, then spectral weighting techniques
must locate the Doppler velocity with the same accuracy as FITACF. As a generd rule, the equivalent Doppler
resolution and Nyquist frequency of the corresponding Doppler spectra are indicative of the accuracies achievable by
FITACF.

The current SuperDARN pulse set lasts ~88 ms and it has a fundamental lag length of 2400 s, so the equivalent DFT
spectral resolution is 11 Hz and Nyquist frequency is +208 Hz (Fig. 5, top left). At atypical operating frequency of 12
MHz, these correspond to a velocity resolution of 138 m s* and a Nyquist velocity of +2.6 km s*. This means a
Doppler peak can be located to within £69 m s™ if thereis no aliasing. Thisis amodest velocity error compared to those
routinely estimated by FITACF for ionospheric convection, especially in the cusp and polar cap. Although FITACF



often achieves smaller velocity errors for single-peaked spectra, clearly the technique is not optimised for measuring
either small (~10 m s?) or large (>2 km s*) Doppler velocities.

New radar operating modes employing novel sounding techniques need to be devel oped to address the limitations of the
existing SuperDARN technique, and thereby permit an investigation of other physical regimes. A flexible re-
configurable radar platform will greatly facilitate the process of experimentation.

MULTIPLE DATA ACQUISITION STREAMS

SuperDARN radars have the potential to provide major contributions to many important research topics. Recent
exampl es include the detection of meteor echoes to estimate neutral winds in the mesosphere [28], and the analysis of
sea echoes to determine sea state and surface wind direction [29]. Other unforeseen applications may emerge. When
developed, the pulse-set FITACF technique was optimised for the study of moderate ionospheric convection. Whilst
this has been most suitable for this task, it does limit the study of other phenomena. For SuperDARN to achieve its full
potential, we need to develop new, dedicated operating modes and data acquisition streams which operate in parallel
with the main, ionospheric mode. This might be realised through the use of flexible DigiDARN technology, including
frequency and time multiplexing, new pulse set designs supporting (for example) Doppler radar modes, post-set beam
steering, and running multiple data analysis processes under the ROS (Fig. 5).

The mid-latitude ionosphere generally drifts with speeds in the order of 10 m s to 100 m s*, much slower than the
speeds encountered at high latitudes. With the deployment of mid-latitude StormDARN radars, larger relative velocity
errors will tend to occur because of the relatively coarse Doppler resolution of the radars. This will limit their scientific
use. TIGER Tasmania was the first mid-latitude SuperDARN radar, and it routinely observes echoes which probably
correspond to ionospheric scatter, yet are miss-identified as ground scatter because of the limited Doppler resolution of
the pulse set-FITACF technique. This is implied by the behaviour of traces in the summary plots. Correctly
distinguishing between ground and ionospheric scatter is a significant problem for al SuperDARN radars, and an
ultimate solution to this problem will be the use of new operating modes with superior Doppler resolution. DigiDARN
frequency multiplexing could be used in a creative way to solve this problem. For example, one channel might be used
to detect sea echo Bragg peaks, thus discriminating between sea and ionospheric scatter with complete certainty.

As mentioned, under dense meteor echoes can be used to estimate neutral winds in the mesosphere. Because of their
short lifetime (~0.5 s), detecting meteor echoes with good SNR requires the use of shorter integration times than
normally used by SuperDARN, and the Doppler spectral resolution must also be improved to accurately measure the
smaller drift velocities, generally in the order of 1 m s to 10 m s™. The pulse set-FITACF approach was not optimised
for these measurements. As another example, consider the measurement of sea state and surface wind direction using
the 1-hop backscatter. At atransmitter frequency of 12 MHz, the sea echo Bragg frequencies are lessthan +0.353 Hz
corresponding to a gravity-wave phase speed of <4.42 m s™. Hence we require an integration time in the order of 100 s
to achieve the necessary Doppler resolution, and a Nyquist frequency of approximately +1.0 Hz to capture most of the
Fourier content. Clearly, the pulse set-FITACF approach was not optimised for either kind of measurement.

The so-caled “TMS’ version of the ROS (“ROS-TMS’) is a recent approach which helps to solve the problem of
running SuperDARN concurrently as a network of ionospheric and meteor wind radars [30]. ROS-TMSis contingent on
the pulse set design, but otherwise it represents an independent data stream operating in parallel to FITACF. ROS-TMS
extracts raw in-phase (1) and quadrature (Q) samples from the standard pulse set echoes, whilst rejecting those echoes
contaminated by range folding. It can be used to record long time series with high time resolution. If each 7-pulse pulse
set lasts 88 ms, then in principle a Nyquist frequency of +7/(2 °~ 88 ms) » +40 Hz can be achieved, but it is often
moderated by range ambiguities. A sampling rate of 80 Hz is sufficient to detect under dense meteor echoes from their
sharp rise and slower decay. Time series of indefinite length can be constructed and the samples can be coherently
averaged in bins of egual time. This lowers the Nyquist frequency but increases the SNR. The potential Doppler
resol utions achieved are adeguate for detecting slowly moving ionospheric scatter, the Bragg peaks in sea echo Doppler
spectra[29], and the signatures of atmospheric gravity and ULF wavesin 1-hop backscatter.

ROS-TMS can be used to achieve the high Doppler spectral resolution required to measure low velocity phenomena,
but it cannot be used for this purpose on a routine basis. For example, sea scatter experiments require continuous
integrations on a single beam for times in the order of 100 s. Thisisin direct conflict with the routine operating modes
dedicated towards ionospheric research which employ ~3- 6 s of integration time per beam. Other useful experimental



Fig. 5. Flowchart illustrating how a multi-channel “DigiDARN” radar might be used to record multiple data acquisition
streams in parallel. An n-pulse set-FITACF radar generates standard SuperDARN data products (red). The number of
pulses, n, the fundamental lag length ¢, the pulse width in time d, as well as the actual sequence of pulses, might be
adjusted to change the effective Nyquist frequency and spatial resolution of the radar. In this configuration, a TMS-like
operating system [30] extracts unambiguous | and Q components which are used to form a classical DFT Doppler radar
(pink). By averaging over a variable number of samples, the effective Nyquist frequency can be tuned for the analysis of
different physical processes. Ideally, a post-set beam steering approach (orange) could be adopted to sample and hold
the | and Q components of all antennas simultaneously, thereby permitting many phenomena to be studied in parallel.
Using the standard SuperDARN 7-pulse set, the TMS operating system can only achieve a Nyquist frequency of
approximately £40 Hz. A Nyquist frequency as large as +2000 Hz, combined with improved spatial resolution, might be
required to reach the limit of intense small-scale convection. The reconfigurable hardware of DigiDARN will facilitate the
experimental approach required to achieve this ambitious goal.

modes are also in conflict. Again, DigiDARN frequency multiplexing could be used to solve this problem, since routine
ionospheric and sea state measurements could be performed simultaneously on different frequency channds, yet using
the same antenna array. However, as previously mentioned, there would be a trade-off, namely a small decrease in SNR
because of the maximum power rating and duty cycle of the transmitter power amplifiers.

An ultimate sol ution to the problem of optimising simultaneous operation of SuperDARN for different scientific tasksis
the use of “post-set beam steering.” SuperDARN radars use a phasing matrix to scan through the 16 different beams
which form the FoV. The phasing matrix applies the necessary phase shifts to the transmitter and receiver waveforms
on al 16 antennas. Beam forming is accomplished by coherent summation of the received waveforms on al 16
antennas prior to digitisation. In contrast, post-set beam steering involves illuminating the ionosphere with a single or
multiple broad antenna beams, and then simultaneoudy digitising the | and Q samples received on all 16 antennas.
Beam forming is subsequently accomplished via off-line processing; the receiver beams exist as mathematical
abstractions which can be calculated at leisure, possibly months or years after the event. The storage of al the | and Q
samples in computer memory permits the generation of different data analysis streams in parallel. Emulations of the
familiar FITACF data products can aso be generated, though subtly different values might be obtained depending on
the chosen antenna beam widths, pulse sets, and signal processing.



The additiona spatial and tempora resolution of post-set beam steering comes at a price. Compared with two-way
beam forming, the transmitter power is spread over a broader range of angles, so the SNR will be reduced when using
the same integration time. However, the transmitter beam does not necessarily have to be formed by driving a single
antenna. The loss of transmitter gain can be reduced by simultaneously phasing different segments of the antenna array
to form broad, overlapping transmitter beams of intermediate width, each containing a subset of narrow receiver beams.
SNR might a'so be recovered by increasing the transmitter power, or through some improvement in the performance of
DigiDARN receivers.

An important consequence of the new, cheaper SuperDARN antennas [17] is the ability to increase the length of the
main antenna array at modest cost for those sites where the additional land is available. There would be an associated
increase in the number of power amplifiers and improvement of angular resolution. Hence the effective radar gain
would increase and compensate for any loss of gain due to frequency multiplexing, post-set beam steering, or both. It
will also assist the study of small-scale convection structures.

In summary, all of these strategies, including time and frequency multiplexing, Doppler radar modes, and post-set beam
steering, are more readily implemented using digital technology. Losses of gain can be partly compensated for by clever
beam forming, and re-tuning the radar operation and signal processing. Note that post-set beam steering provides the
opportunity to acquire concurrent routine ionospheric data using 3-s integrations and oceanographic data using ~100-s
integrations.

EXPERIMENTAL OPERATING MODES

A cursory examination of SuperDARN radar measurements will reveal the picture of ionospheric convection afforded
by the pulse set-FITACF technique is akin to an “impressionist painting,” whereas we need to aim for “photo-realism.”
The pulse set-FITACF technique was a brilliant attempt to circumvent the familiar nexus between range folding and the
Nyquist frequency. However, it was not completely successful at solving all the problems, and range folding till causes
numerous bad lags. For example, a close examination of the average spectral widths versus group range reveals
numerous quasi-periodic bands of enhanced and depleted spectral widths, all of them artificia (e.g. Fig. 8 of [31]).
There are well know prominent bad ranges which can be discarded, but the effects of bad lags contaminate all group
ranges to a greater or lesser degree. It is difficult compensating for these systematic variations. Moreover, the reliability
of the FITACF analysis is based upon the assumption that the corresponding Doppler spectra are single peaked, yet
there is clear evidence for multi-peaked Doppler spectra [32]. Combined, these problems result in the “impressionist
painting” of ionospheric convection.

Recent studies suggest that ionospheric convection is a fractal object [32] dominated by intense, small-scale convection
vortices [33]. The vel ocities within these structures may be far greater than previously thought possible [34], often far in
excess of the effective Nyquist velocity of the pulse set-FITACF technique. Depending on the energy density contained
within the small-scale fluctuations, there is a possibility SuperDARN radars do not accurately measure the large-scale
convection; rather they may measure a spatially and temporally smoothed under-estimate of the small-scale convection.
There is a genuine distinction between the distribution of small-scale convection and the residual large-scale convection
because the latter is along-wavelength component. The likely coupling between small- and large-scale convection, and
its important role in magnetospheric dynamics, is a compelling reason for us to improve the spatial and temporal
resolution of the radars, and their effective Nyquist frequency.

The angular resolution of SuperDARN could be improved by either extending the length of the main antenna array, or
implementing post-set beam steering techniques. The down range resolution of the measurements could be improved
simply by using higher transmitter power and shorter pulses. Asillustrated in Fig. 5, a Nyquist frequency as high as £2
kHz might be required to reach the limit of small-scale convection! Achieving this limit is not a trivial exercise. The
reconfigurable hardware of DigiDARN will facilitate the experimental approach required to achieve this goal. Field
Programmable Gate Array (FPGA) technology, will enable rapid in situ reconfiguration of the radar hardware [19], and
simultaneous operation of different virtual radars using the same physical antenna array. For example, virtual radar “A”
might be configured to behave like a classical SuperDARN radar at one transmitter frequency, whilst virtual radar “B”
might be configured to behave as a high Nyquist frequency Doppler radar at a dightly different transmitter frequency.
Virtual radar A would be used to resol ve range ambiguities, whereas virtual radar B would be dedicated to transmitting
the pulse repetition frequency required to increase the Nyquist frequency. Radar A observations could be used to infer
the true location of the echoes detected by radar B.



Our ultimate aim is to achieve “photo-realism” in our representation of ionospheric convection. The potential trade-off
of decreased SNR might be modest depending on the use of more antennas and power amplifiers, and operating modes.
Regardless, the better radars often detect ionospheric scatter with a SNR of 40 dB, and a digital implementation might
improve upon this performance, so thereis scope to trade away some SNR when running advanced modes.

CLOSING REMARKS

The purpose of this paper has been to evoke a sense of the enormous scientific frontier which could be realised by
DigiDARN, whatever development route it ultimately takes. No doubt many new yet unforeseeable experiments and
signal processing algorithms could be quickly tested using a flexible, reconfigurable FPGA-based digital radar. Thisis
ultimatdy the magic of DigiDARN — a platform to support an experimental approach to modern space physics, as well
as enhanced routine data collection. In principle, many of the ideas outlined in this paper could be implemented using
analogue technology, but this would be impractical given the amount and complexity of apparatus reguired, and its
prohibitive cost. These ideas can be implemented more cost effectively and elegantly using modern digital techniques.

Given the diverse range of technical advances being made independently by the various SuperDARN groups, thereis a
need for the wider community to openly discuss how SuperDARN should evolve into some intermediate form,
“HyperDARN”, on the road to some ultimate form, “UltraDARN”, which utilises technology and intellectual property
presently beyond our imagination.
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