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Abstract 
 
Early results are presented from high power ionospheric modification experiments with the SPEAR 
(Space Plasma Exploration by Active Radar) HF facility, which is used to generate artificial field-
aligned irregularities (AFAI) in the polar cap ionosphere.  These AFAIs are detected both through 
HF coherent backscatter radar and bistatic HF Doppler experiments.  The AFAIs created with 
SPEAR are demonstrated to provide an important geophysical diagnostic of the polar cap 
ionospheric electric field, and may also scatter radio waves out of the ionospheric waveguide, even 
when they have propagated over very considerable distances. 
 
1.  Introduction 
 

High power radio wave facilities such as the EISCAT Heating facility at Tromsø, Norway 
(Rietveld et al., 1993) provide a highly flexible tool for investigating fundamental plasma physics 
and geophysical phenomena.  It is well known that O-mode heating is capable of generating 
artificial field aligned irregularities (AFAI) using high power HF radio waves (e.g. Hedberg et al., 
1983; Djuth et al., 1985; Blagoveshchenskaya and Troshichev, 1996; Yampolski et al., 1997; 
Blagoveshchenskaya et al., 1998; Eglitis et al., 1998; Robinson, 1989; Rietveld et al., 2003). These 
irregularities are detectable by both incoherent and coherent scatter radars (e.g. Robinson et al., 
1997). The striations are thought to be generated by a thermal parametric instability at the upper-
hybrid resonance (UHR) height, although they extend for several tens of kilometres along the 
geomagnetic field (Robinson, 1989).  AFAI provide a powerful source of coherent backscatter for 
HF radars, where the heater-induced scatter is usually very much stronger than scatter of natural 
origin e.g. Bond et al. (1997). The Doppler shift imposed on the AFAI by oscillations in the 
background convection electric field in which the AFAI are imbedded provide a valuable diagnostic 
of geophysical phenomena. Such Doppler-shifted signals may be detected by both HF backscatter 
systems (e.g. Yeoman et al., 1997) and bistatic HF Doppler experiments (e.g. Blagoveshchenskaya 
et al., 1998).  Previously, such experiments were restricted to the auroral zone and lower latitudes, 
but the new SPEAR (Space Plasma Exploration by Active Radar) HF facility (Robinson et al., 
2006) now allows for such experiments in the polar cap.  The results presented here illustrate the 
capability of the SPEAR high-power beam to generate artificial field-aligned irregularities (AFAI).  
 
2.  Experimental arrangement 
 

SPEAR (Space Plasma Exploration by Active Radar) is a new high-power radar system located at 
78.15° N latitude, 16.05° E longitude, in the vicinity of Longyearbyen (Spitzbergen) and is 
designed to carry out a range of space plasma investigations of the polar ionosphere and 
magnetosphere. The SPEAR site is located adjacent to the EISCAT Svalbard Radar (ESR). The 
SPEAR antenna system comprises a 6×4 array of full-wave, crossed-dipoles, 16m above the 
ground, with an antenna spacing of 48.4m, allowing the transmission of both linear and circularly 
polarised signals. The individual dipoles are rhombically broadened to allow operation between 4 
and 6 MHz. The resulting beam has a quasi-elliptical cross-section, with an average half-power 
width of 21° along its major axis and 14° along its minor axis. This results in an overall antenna 
gain of 21 dB. Individual phase-control provides beam-steering within ±30° from zenith, at any 
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azimuth, without significantly altering the antenna gain or introducing significant side-lobe signals. 
The beam may thus be pointed in directions which include vertical and field-aligned. Beam-steering 
to angles further from the zenith may be achieved but in this case significant side-lobes are 
introduced into the radiation pattern.  SPEAR has a distributed transmitting and receiving system 
consisting of individual 4-kW solid-state transmitters connected to the antenna array. Each 
transmitter consists of a single driver-stage and 4 individual 1-kW modules, the outputs of which 
are combined and fed to the antenna. In the 4×6 configuration 48 such transmitters are required. 
These are made up of 192 power-amplifier modules, 48 driver stages and a total of 240 power-
supply units. Each transmitter contains an embedded controller and an individual Direct Digital 
Synthesiser (DDS) which provides a transmit signal and the IF for the receiver front-end.  During 
the operations reported here the complete 6×4 SPEAR array was available (48 transmitters), 
operating at 4.45 MHz, which produced an antenna gain of 21 dB. The transmitters were operated at 
2kW, resulting in an Effective Radiated Power (ERP) for SPEAR of ~ 15 MW.   

The SPEAR site is within the fields of view of both the CUTLASS radars at Hankasalmi, Finland 
and Þykkvibær, Iceland, which are routinely operated throughout SPEAR experiments and are 
ideally situated for making observations of AFAI in the SPEAR-modified ionosphere over the ESR. 
The stereo-CUTLASS radar is an HF coherent backscatter radar system, capable of near 
simultaneous operation on two separate frequencies (Lester et al., 2004). The radars form part of the 
SuperDARN array (Greenwald et al., 1995). Both radars reach the ionosphere above SPEAR via a 
1.5-hop HF propagation path. Normal operations for both radars involve a 16-beam scan over 
ranges 180–3555 km, with an integration time of 3 or 6 s providing a full-scan time resolution of 1 
or 2 min. In the experiments presented here the CUTLASS radars ran in a high temporal and spatial 
resolution mode, with both radars running a reduced scan of 3–5 beams centred over SPEAR 
(beams 6 and 9 for Þykkvibær and Hankasalmi respectively), with an integration time of 1 s. 
Channel-A of each of the radars provides high spatial resolution, with a field-of-view restricted to 
75 range-gates of size 15 km covering ranges of 1485–2610 km, while Channel-B provides data 
over the complete propagation path from the HF radars to SPEAR at a resolution of 45 km, over 
distances of 180–3555 km.  The viewing geometry of Channels A and B for Hankasalmi and 
Þykkvibær are illustrated in Fig. 2.  Both Channels A and B of each radar additionally perform a 
small frequency sweep, with the scans cycling through approximately three HF frequencies which 
are appropriate to allow propagation to Svalbard over a 1.5-hop path. Frequencies of 11–13 MHz 
were chosen for the experiments presented here. Thus the combination of the integration-time, scan-
pattern and frequency-sweep provided a time-resolution of between 9 and 15 s in this arrangement.   
Simultaneous bistatic HF Doppler measurements are also available from four channels recorded at 
St. Petersburg (SPB). The HF diagnostic signals from broadcasting stations at Pori (Finland, 11.755 
MHz) and London (BBC stations, 17.64 MHz) were recorded, along with the SPEAR frequency 
and its second harmonic (4.45 and 8.90 MHz) to analyse possible self-scattering effects (Yampolski 
et al., 2005).  The geometry of the bistatic HF Doppler experiments is illustrated in Fig. 2 which 
shows the "direct" paths London-SPB and Pori-SPB (thin lines) where signals propagate from the 
transmitter to the receiver along a great circle path. Scattered paths correspond to the London-
SPEAR-SPB and Pori-SPEAR-SPB paths (thick lines). The mechanism of bi-static scatter is very 
similar to the backscatter recorded at CUTLASS, but with the transmitter and receiver at different 
locations. 
 
3.  Results 
 

Data from SPEAR-induced AFAI detected in the CUTLASS Þykkvibær radar on 1 October 2004 
between 12:00 and 14:00 UT are presented in Fig. 3.  The Doppler velocity of the AFAI is 
presented as a function of geographic longitude and time for Þykkvibær beam 6. Spear was 
transmitting a 4 min on, 4 min off O-mode cycle, represented in Fig. 3 by vertical lines, and AFAI 
can clearly be observed, centred on Þykkvibær range gate 45, 20° – 24° geographic longitude, when 
SPEAR was transmitting.  This apparent range is shifted somewhat eastward of the true longitude of 
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SPEAR, due to group retardation of the HF propagation path from Þykkvibær to SPEAR.  The line 
of sight velocity data shows a consistent drift towards the radar of 0 – 400 m s-1, resulting from the 
E^B drift imposed by the ionospheric convection electric field.  AFAI induced by the SPEAR 
system may similarly be diagnosed from bi-static HF Doppler scatter observations.  Figure 4 
presents a dynamic Doppler spectrum of received signal strength from bi-static HF Doppler scatter 
observations on the London-SPEAR-St.Petersburg path on 31 Jan 2006 between 17:12 and 17:48 
UT. The time intervals when SPEAR was transmitting are marked by vertical bars on the time axis. 
Spear was again transmitting an O-mode signal, but this time a 2 min on, 2 min off cycle was 
employed.  Zero Doppler frequency corresponds to the direct signals propagating from the 
transmitter to the receiver along a great-circle path. Signals scattered from SPEAR-induced field-
aligned small-scale irregularities are recorded as additional tracks shifted in frequency from that of 
the direct signals at zero Doppler frequency. Positive Doppler frequency shifts correspond to a 
southward motion of irregularities (toward the reception point) and negative Doppler frequency 
values correspond to a northward motion (away from the receiver). Well-defined signals scattered 
from AFAI generated at SPEAR are recorded as additional tracks shifted by ~+3 Hz Doppler 
frequency (equivalent to a line-of-sight horizontal irregularity velocity in the direction of the 
bisector of the HF radio propagation paths of ~ 30 m s-1), visible only when SPEAR is transmitting.   

Figure 5 presents dynamic Doppler spectra of the received signals on the SPEAR-St. Petersburg 
and Botswana (southern Africa)-SPEAR-St. Petersburg paths for data taken on 29 Jan 2006, 18:50 - 
19:50 UT. SPEAR was again transmitting at 4.45 MHz, using O-mode polarisation with a 2 min on, 
2 min off cycle. In this case data from the SPEAR-St. Petersburg propagation path are presented in 
the left hand panel. This direct propagation path clearly illustrates the on/off cycles of the SPEAR 
high power transmissions, and in this case therefore contains no Doppler frequency shifts.  A 
weaker trace is visible from 19:00 – 19:20 UT at a frequency shift of 4 Hz, presumably due to an 
additional propagation path where a motion of the reflecting ionosphere (perhaps due to a gravity 
wave, applies a frequency shift.  Bistatic HF Doppler scatter observations, this time from a 
Botswana-SPEAR-St. Petersburg path at 17.895 MHz are presented in the right hand panel. Here 
zero Doppler frequency corresponds to the direct signals propagating from the diagnostic 
transmitter at Botswana to the receiver at St. Petersburg along a great circle path. One can see that 
the direct signals were very weak. At the same time strong scattered signals from the bistatic path 
are recorded shifted by about -3.5 Hz Doppler frequency (equivalent to a line-of-sight horizontal 
irregularity velocity in the direction of the bisector of the HF radio propagation paths of ~ 35 m s-1). 
These scattered signals were only observed during SPEAR-on times when scattering from SPEAR-
induced AFAI occurs. 
 
4.  Discussion 
 

Fig.3 presented data from SPEAR-induced AFAI detected in the CUTLASS Þykkvibær radar on 1 
October 2004 between 12:00 and 14:00 UT.  The AFAI act as very coherent artificial targets for HF 
radars such as CUTLASS, and have been demonstrated to accurately track the natural ionospheric 
convection velocity (Eglitis et al., 1998).  The backscatter obtained is of very high power and very 
narrow spectral width. This allows a short integration time to be run on the radar, providing higher 
time resolution than is normally available. The narrow spectral widths also produce ionospheric 
electric field measurements of unprecedented accuracy.  Combining common-volume data from the 
CUTLASS Hankasalmi and Þykkvibær radars then allows a vector velocity determination.  This has 
been done with the EISCAT heater at Tromsø, (Yeoman and Wright, 2001) and is now possible for 
the first time over the EISCAT Svalbard radar. 

Figure 4 presented data from 31 Jan 2006 between 17:12 and 17:48 UT. Well-defined signals 
scattered from AFAI generated at SPEAR are recorded as additional tracks shifted by ~+3 Hz 
Doppler frequency, visible only when SPEAR is transmitting.  Some variability in the Doppler shift 
of the scattered signals can be seen during the interval presented, presumably resulting from 
variability in the convection electric field, which imposes a drift velocity on the AFAI, and hence a 



 

4 

Doppler shift on the received signal.  In addition to the Doppler variability of the scattered signals, 
small frequency variations in the directly-propagating signal can also be seen. These are most likely 
due to frequency shifts imposed on the propagation path by naturally occurring ULF waves of 
magnetospheric origin.  Such oscillations are frequently observed on both near-vertical HF Doppler 
sounders, and on ground scatter from SuperDARN HF radar data (Menk et al., 2003). The 
amplitude of frequency variations in both direct great circle signals and signals scattered from AFAI 
at SPEAR are small, only about 1 Hz, but the frequency resolution is 0.1 Hz, so we can be confident 
that these Doppler frequency shift variations are real.  For the time periods displayed in Figs. 4 and 
5, no artificial backscatter data were available from the CUTLASS radars, as no propagation path 
was viable between the radars and the ionosphere overlying SPEAR.  This illustrates the difficulty 
in performing HF experiments over such large ranges, and also illustrates the value of having more 
than one HF propagation path for the diagnosis of the ionospheric modification experiments 
performed at SPEAR.  Figure 6 illustrates the median Doppler frequency shifts for signals scattered 
from SPEAR-induced AFAI on the London-SPEAR-St. Petersburg path obtained from the dynamic 
Doppler spectra in Fig. 4.  The Doppler frequency shift measurements during each 2 min on interval 
can be seen to be very consistent.  However a systematic variation is seen in the Doppler shift over 
the ~30 min interval covered in Fig. 6, as the convection electric field varies over this longer 
interval. 

Figure 5 presented data from the direct SPEAR-St. Petersburg propagation path and bi-static HF 
Doppler scatter observations, this time from a Botswana-SPEAR-St.Petersburg path on 29 Jan 
2006, 18:50 – 19:50 UT.  Here the diagnostic signal received at St. Petersburg was at 17.895 MHz, 
from a transmitter located in Botswana, some 10 000 km from the SPEAR site. Thus propagation 
over such a large distance was presumably through an ionospheric wave-guide. The removal from 
wave-guide then occurred when the signal impinged on the AFAIs produced by SPEAR, and the 
scattered signals were subsequently detected by the SPB receiver.  This illustrates the immense 
variety of HF propagation paths which can be utilised for the diagnosis of the effects of high power 
ionospheric modification experiments at SPEAR.  High power SPEAR campaigns are now running 
routinely four times a year, and significant further progress in plasma physics and geophysical 
experiments is anticipated over the next few years of operations. 
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Figure captions 
 
 

 
Figure 1.  The viewing geometry of the high spatial resolution and standard channels of the 
Hankasalmi, (left panel) and Þykkvibær (right panel) CUTLASS HF coherent scatter radars when 
operated with the SPEAR high power facility on Svalbard. 
 
Figure 2.  The geometry of the SPEAR-bistatic HF Doppler experiments  
 
Figure 3.  HF radar measurements of the Doppler velocity of AFAI induced by the SPEAR system, 
presented as a function of geographic longitude and time for Þykkvibær beam 6. Spear was 
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transmitting a 4 min on, 4 min off O-mode cycle, represented by vertical lines, and AFAI can 
clearly be observed, centred on Þykkvibær range gate 45, 20° – 24° geographic longitude. 
 
Figure 4.  A dynamic Doppler spectrum of received signal strength from bi-static HF Doppler 
scatter observations on the London-SPEAR-St.Petersburg path on 31 Jan 2006 from 17:12 to 17:48 
UT. Spear was transmitting a 2 min on, 2 min off O-mode cycle, represented by vertical bars.  Zero 
Doppler frequency corresponds to the direct signals propagating from the transmitter to the receiver 
along a great-circle path. Scattered signals are recorded as additional tracks shifted by ~+3 Hz 
Doppler frequency. 
 
Figure 5.  Dynamic Doppler spectra of the received signals on the SPEAR-St. Petersburg (left hand 
panel) and Botswana (southern Africa)-SPEAR-St.Petersburg (right hand panel) paths for data 
taken on 29 Jan 2006, 18:50 – 19:50 UT. Spear was transmitting at 4.45 MHz, using O-mode 
polarisation, with a 2 min on, 2 min off cycle. Zero Doppler frequency in each panel corresponds to 
the direct signals propagating from the transmitter to the receiver along a great-circle path. 
Scattered signals from the bistatic path are recorded, shifted by ~-3.5 Hz Doppler frequency, in the 
right hand panel. 
 
Figure 6.  The measured Doppler frequency shift from the bi-static HF Doppler observations on the 
London-SPEAR-St.Petersburg path, as presented in the dynamic spectrum in Figure 4.   
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