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Abstract— This paper reports the first use of a 3-D radar
imaging for observing E-region field-aligned plasma irregulari-
ties (FAIs) in the midlatitude ionosphere. Five carrier frequencies
equally spaced between 46.25 and 46.75 MHz were transmitted
alternately with consecutive radar pulses, and 20 receivers were
employed for receiving the radar echoes. The experiments were
carried out using the middle and upper atmosphere radar
(34.85°N, 136.10°E), with the radar beams steered to the geo-
graphic north and 6.6° north by east, at the zenith angles
of 51.0° and 51.5°, respectively. The 2-D imaging with the
echoes collected by the 19 of the 20 receivers revealed that in
zonal dimension, the off-beam direction of arrival (DOA) of the
echo region changed alternately between positive and negative
values, which can be attributed to the highly localized FAIs
drifting zonally through the radar beam. On the other hand,
the off-beam DOA in meridional dimension was negative and
positive, respectively, at higher and lower range locations, which
were supposed to be due to the meridional drift component of
FAIs. A combination of 5 frequencies and 19 receivers achieved
a 3-D imaging of the FAI structures, illustrating small-scale
FAI striations and bubblelike plasma structures in the radar
volume. Moreover, declination of geomagnetic field line was
examined from the imaged 3-D brightness distribution in the
radar volume; the estimated declination of geomagnetic field line
was in agreement with that computed from the International
Geomagnetic Reference Field model in 2011. This paper has
demonstrated some capabilities of radar imaging for ionospheric
investigation.

Index Terms— Direction of arrival (DOA) estimation,
ionosphere, radar imaging, very high-frequency (VHF) radar.
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I. INTRODUCTION

BASED on the theoretical and simulating works made
in [1], the first operational 3-D radar imaging using

multiple receivers and multiple frequencies for the lower
atmosphere was demonstrated in [2]. However, the follow-
up survey with the same technique for the atmosphere was
rare. In the literature, extended examinations of 3-D radar
imaging were made in [3]–[5], using the same very high-
frequency (VHF) radar facility employed in [2]: the middle and
upper atmosphere radar (MUR; 34.85°N, 136.10°E; operated
at 46.5 MHz) for the lower atmosphere. It is not surprised at
a small quantity of study using the 3-D radar imaging at the
VHF band, because adequate receivers and carrier frequencies
are necessary for practical operation. The MUR is one of
the few radars that can achieve the capability of 3-D radar
imaging for the atmosphere. Another VHF radar that can
fulfill multireceiver and multifrequency operations in the near
future is the Middle Atmosphere Alomar Radar System in
Norway [6]. In this paper, we extended the work made in [7]
for the E-region field-aligned plasma irregularities (FAIs) and
demonstrated a 3-D structure of FAIs in the radar volume for
the first time.

The morphology of FAIs in the ionosphere is unique
for the VHF-band atmospheric radar, as reported initially
in [8]. Characteristics of FAIs, such as the positive and
negative slopes of range versus time (termed “range rate”) and
quasi-periodic (QP) appearance, have brought researchers
a great interest to pursue their occurring mechanisms.
Dynamic motions, such as semidiurnal neutral-wind variation,
atmospheric gravity wave, Es layer instability, wind shear
instability, and so on, were thus proposed [9]–[15].

Before this paper, several examinations of ionosphere with
either multireceiver or multifrequency technique, termed,
respectively, coherent radar imaging (CRI) [16] and range
imaging (RIM) [17] (or frequency-domain radar interfero-
metric imaging [18]), have been carried out. For example,
Hysell et al. [19] used 4 and Saito et al. [20] used 19 receiving
channels of the MUR for the 2-D radar imaging to determine
the motion of QP echoes. With the three receivers of the
Chung-Li VHF radar, Chu and Yang [21] and Wang et al. [22]
have tried to examine the spatial structures of FAIs and
sporadic E layer, and in a later study, Chu et al. [23] went
deep into the plausible mechanisms of different types of
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Fig. 1. Experimental setup of the MUR for observation of FAIs. The numbers
of A1–F5 denote 25 antenna groups. The gray circle in the top-right corner
is the cross section of radar beam, and also shown is the declination of
geomagnetic field line (the B line in dashed) through the cross section of
radar beam. In this paper, the circular full array was used for transmission
and the radar beam was steered to the geographic north and 6.6° north by
east, at 51° and 51.5° zenith angles, respectively.

plasma structures. Studies of the equatorial F-region over the
Jicamarca Radio Observatory were also made with several
receivers to observe the evolution of ionospheric irregulari-
ties [24]–[26]. More applications of multireceiver technique
include the distribution of precipitation in the radar vol-
ume [27], measurement of aspect sensitivity [28], Sporadic
E ionization layers and FAIs in the daytime subauroral
ionospheric E-region [29], and so on. Using multifrequency
RIM, on the other hand, Chen et al. [7] resolved finer striations
in the FAI clusters and also identified the range sidelobe
echoes due to pulse coding mechanism in the range-imaged
brightness distribution. Based on these achievements, a 3-D
radar imaging of the FAI structures in the radar volume
can be implemented. It is expected that the finer FAI struc-
tures or plasma irregularities examined by 3-D radar imaging
may offer studies on initial development in the instability
process of plasma irregularities and other extended applica-
tions to the ionosphere in the future.

Section II describes the radar experimental setup. Section III
shows the 1-D RIM and 2-D angular imaging of FAIs.
The direction of arrival (DOA) of the major echo region
was estimated from the 2-D angular brightness distribution,
and the results could be associated with the drift of FAIs.
The 3-D radar imaging is demonstrated in Section IV, and
an application of estimating the declination of geomagnetic
field line from the imaged 3-D brightness distribution in the
radar volume is shown in Section V. Conclusions are stated
in Section VI.

II. EXPERIMENTAL SETUP

Fig. 1 shows the diagram of the radar experiment using the
MUR for observing the FAIs. The radar array is composed
of 475 crossed-Yagi antennas, each with a transceiver, and
covers a circular area with a diameter of about 103 m. These
antennas can be partitioned into 25 subarrays for 25 receiving
channels, as indicated from A1 to F5 in Fig. 1. Each subarray
consists of 19 antennas, and these subarrays can also be

combined arbitrarily in software for receiving as well as
for transmitting power (peak power 1 MW and on average
50 kW when using the full array). The multibeam technique
is flexible: beam directions can be set with an angular step
less than 1°, and the maximum number of beam directions
is 256. The maximum number of frequencies is five for RIM,
maximum span of frequencies is ±500 kHz with respect to
the central frequency (46.5 MHz), and the frequency step
unit is kHz. A pulse waveform is a modified rectangular for
fitting in with the bandwidth of 3.6 MHz. Multireceiver and
multifrequency modes can be set concurrently, but multibeam
and multifrequency modes cannot execute simultaneously due
to limitations of radar control and data processing. Pulse
coding includes complementary and Barker codes, and the
codes are user-defined. A more detailed description of the
MUR upgraded since 2004 can be referred to [2].

For observations of FAIs, the radar beam was steered to the
geographic north and 6.6° north by east at 51° and 51.5° zenith
angles, respectively. The boresight of the oblique beam was
perpendicular to the geomagnetic field line (B line hereafter)
at an altitude of approximately 100 km, where FAIs occur
frequently. Perpendicularity between the beam axis and the
B line allows stronger echoes coming into the receiving anten-
nas due to high aspect sensitivity of FAIs in the direction of the
B line. With such a large zenith angle and a northward radar
beam, two significant sidelobes in the radiation pattern appear
at around 120° and 240° azimuth, and both at elevation angles
less than 20° [30]. These sidelobes are blocked by the banks
around the antenna array and thus have a little influence on FAI
echoes. In addition to perpendicularity between the beam axis
and the B line, the whole antenna array was operated for trans-
mission to get stronger echoes, providing one-way half-power
full beam widths of approximately 5.4° and 4.6° in zenithal
and azimuthal directions, respectively. These beamwidths are
slightly larger than those of a vertically transmitted beam
(∼3.6°). Since FAI echoes have high aspect sensitivity along
the B line, the echoes are usually confined within a small
extent along the B line. On the other hand, a wider echoing
region in the zonal dimension can be observed (shown later
in Figs. 6 and 8); this has been applied to investigating the
declination angle of B line in this paper. The declination
of B line around the altitude of 100 km in the viewing
region of the radar beam was about 7.25°, as estimated by
the 2011 International Geomagnetic Reference Field (IGRF)
model.

To fulfill 3-D radar imaging, the 19 subarrays, A2–A4,
B2–B4, C2–C4, D2–D4, E2–E4, and F2–F5, were used for
receiving the echoes, and the five frequencies, 46.25, 46.375,
46.5, 46.625, and 46.75 MHz, were transmitted with sequential
radar pulses. Besides, the whole array was used as one of the
20 receiving channels for RIM. Interpulse period was 0.0015 s
and coherent integration time was 2, giving a sampling time
of 0.015 s under the operation of five frequencies. Radar
pulse length was 4 µs, giving a range resolution of 600 m.
Sampling step was 4 µs, sampling gate number was 128, and
the sampling range interval was between 120 and 196.8 km,
corresponding to the height interval approximately between
75.518 and 123.850 km for a radar beam directed to the
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Fig. 2. Grating lobe patterns of (a) CRI and (b) RIM operations. The Fourier
patterns are calculated from the theoretical weighting matrix, and the Capon
patterns are retrieved with a true data set (self-normalized). Angle and range
steps are 0.25° and 10 m, respectively, in the calculation.

geographic north and tilted to 51° zenith angle (ignore the
curvature of the Earth’s surface).

The radar data used in this paper were collected, respec-
tively, on August 28 and 29, 2014 without pulse coding,
on August 17, 2014 with 16-element binary complementary
codes (1110110111100010 and 1110110100011101), and on
August 1 and 2, 2016 without pulse coding. The radar
beam was steered to the geographic north and 6.6° north by
east, respectively, during the observations in 2014 and 2016.
We have carefully dealt with the coded data according to
the study made in [7]; the range sidelobe echoes due to
coding mechanisms were excluded from analysis. Moreover,
the grating lobe patterns of the imaging due to finite receiver
separation and finite frequency step should be identified to
restrict the imaging space. Fig. 2(a) and (b) displays the
weighting patterns of CRI and RIM operations based on the
array configuration and operating frequencies, respectively.
Fig. 2 (left) was the theoretical patterns of the Fourier method,
and the patterns in Fig. 2 (right) were obtained with a true data
set and from the Capon method [16], [17]. The Capon method
is an adaptive approach and its optimal weighting pattern
depends on the distribution of the target; therefore, we can
only inspect its grating lobe pattern from a practical retrieval.
In Fig. 2(a), the zonal and meridional angles are relative to
the beam axis direction. In Fig. 2(b), the ordinates of the left
and right are, respectively, relative to the range gate center
and the radar site along the beam axis direction. As shown,
the Fourier patterns of CRI and RIM reveal several significant
grating lobes at the separations of about 22.5° and 1.2 km,
respectively. Analogously, the Capon patterns show the same
features. In view of this, we have limited the imaging space
within ±12° and ±600 m to avoid using the aliasing image.

III. 1-D AND 2-D RADAR IMAGING

RIM and CRI produce, respectively, 1-D range and
2-D angular brightness (power density) distributions in the

Fig. 3. (a) Range–time intensity plot of FAIs, (b) RIM, (c) zonal DOA,
and (d) elevation DOA with respect to the beam center, observed on
August 28, 2014.

radar volume. These imaged results, however, are still
smoothened versions of the actual scales owing to many
restrictions, such as finite numbers of receivers and transmit-
ting frequencies, beamwidth, and so on. In spite of such a
limitation, RIM and CRI indeed yield a better prospect to
inspect the smaller structures in the radar volume of a pulsed
radar.

Fig. 3 shows a segment of FAI echoes. The initial range–
time intensity in Fig. 3(a) shows plentiful echoes. The RIM
brightness in Fig. 3(b), obtained with the imaging step of 4 m,
offers a sharper and smoother illustration of the striations.
The 2-D angular brightness distribution for each range gate
and each time is not displayed here. Instead, the zonal and
meridional off-beam DOAs of the major echo regions are
shown in Fig. 3(c) and (d), respectively, which were estimated
from the angular brightness distribution. Here, in Fig. 3(d)
and there in other illustrations, the meridional off-beam DOA
is denoted as the elevation DOA, which is relative to the
beam center; readers shall not confuse with the elevation
angle relative to the horizontal. Since the FAIs are highly
localized in the field-aligned dimension, the beam weighting
effect was not corrected in this paper for avoiding overcor-
recting the brightness values at larger angular locations where
no significant echoes returned. It is found that multiecho
regions occurred often in the radar volume even without beam-
weighting correction, but we selected only the most intense
echo region for study. In general, the zonal DOAs varied
alternately between positive and negative values with time.
On the other hand, the elevation DOAs of the echoes were
negative and positive, respectively, at upper and lower parts
of the FAI layer. Such a systematic variation in DOAs can
be attributed to nonfilling effect in the radar volume; that
is, it is not volume scattering condition, because the FAIs
are highly localized and along the geomagnetic field lines.
Fig. 4 shows a long FAI strip moving through the radar beam,
with westward and southward drift components. The bulk drift
motion is assumed to be propelled by the neutral wind, not
the E × B drift of the meter-scale plasma irregularities in
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Fig. 4. Schematic of an FAI strip drifting through the radar beam in the
zonal and meridional directions. Solid-lined arrows indicate the mean arrival
directions of the echoes, which are perpendicular to the FAI strip and from
different parts of the FAI strip. (a) Zonal drift. (b) Meridional drift.

the FAI layer [23]. The zonal DOA is defined as positive
and negative for the echoes returned, respectively, from the
eastern and western portions of the radar volume. As the FAI
strip drifts through the radar volume, the zonal DOA changes
alternately between positive and negative values with time,
as observed in Fig. 3(c). The feature is the same when the FAI
strip travels eastward. On the other hand, the meridional drift
of FAI strip causes the elevation DOA negative and positive
for the echoes returned, respectively, from the lower and
upper parts of the radar volume. Such negative and positive
DOAs occurred, respectively, at lower and higher ranges,
as illustrated in Fig. 4(b). The feature retains the same for
the FAI strip moving northward.

Variation in the elevation DOA with altitude/range has
been notified in the study of polar mesosphere summer
echoes (PMSEs) when using the oblique-beam CRI [31]. The
PMSEs are horizontal echo layers confined within an altitude
interval of several kilometers. For an oblique beam directed
to arbitrary azimuthal angles, the upper and lower portions of
the PMSE layer may fill the lower and upper parts of the radar
volume, resulting in negative and positive DOAs, respectively.

In Fig. 4, the FAI strip at the time of b or b’ is around
the radar beam center, so the resultant DOA is expected to be
around zero, and the echo power or SNR reaches its maximum.
The FAI striations shown in Fig. 3(b) are numerous and close
to each other, making the inspection of relationship between
the SNR and the DOA difficult. To clarify such relationship,
Fig. 5 demonstrates three more cases of FAIs. In the case
shown in Fig. 5(a), the FAI striations were isolated. It can
be observed that the zonal DOAs of each FAI strip varied
from negative to positive as the time elapsed, implying an
eastward drift motion. The meridional drift direction could
be southward because of the negative range rate of FAI
striations. The contour curves overlaying on the zonal DOA
map show the SNR distribution, where the red curve indicates
the approximate middle level of the SNR for highlighting the
central echo region. It is evident that the maximum SNR was
located between positive and negative DOAs, coinciding with
that implied in Fig. 4.

Fig. 5(b) shows the case of FAIs with a positive range rate.
In general, the zonal DOAs changed sign with time around

Fig. 5. (a)–(c) Three cases of FAIs observed on August 28 and 29, 2014.
(Top) Off-beam zonal and (Bottom) elevation DOAs. The contour lines
overlaying on the zonal DOA map show the SNR distribution, and the red
curves indicate approximately the middle level of the SNR for highlighting
the contour centers.

the range of 150 km where striation echoes occurred chiefly,
as indicated by the SNR contour curves. Again, the maxi-
mum SNR was approximately located between positive and
negative DOAs. In addition, the elevation DOAs have the
same characteristic like that displayed in Fig. 3, regardless
of negative or positive range rates.

Fig. 5(c) shows one more period of FAI echoes having
temporal variation in the relationship between the SNR and the
DOA. Before midnight, the zonal DOAs of the three FAI strips
varied from positive to negative values, which was opposite
to the case in Fig. 5(a) and implied a westward drift motion.
However, at later time near 24.2 LT (00:12 LT), the zonal
DOAs of the FAI strip changed from negative to positive
values, which was similar to the case in Fig. 5(a). The signs
of DOAs reversed again for the FAI strip just before 24.25 LT.

The zonal DOAs can indicate the zonal drift direction of
FAIs. It is expected that the bulk drift velocity of FAIs, which
is associated with the neutral wind, could be derived from
the combination of zonal and elevation DOAs. Nevertheless,
as shown in Fig. 4, the radar echoes may return from different
parts of the FAI strip as the FAI strip drifts through the
radar volume, making the estimate of bulk drift velocity-
biased. According to Fig. 4, the DOA-estimated drift velocity
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Fig. 6. 3-D radar imaging illustrated by several slices at (a) different ranges
and (b) different off-beam elevation angles.

is smaller than the true value. Whether the 1-D and 2-D radar
imaging can be applied to determination of bulk drift velocity
of FAIs and then derive the neutral wind more precisely after
some advanced treatments of DOAs, it can be a future issue.
Multibeam, multireceiver, and multifrequency observations
may be necessary for verifying the result. Before going deep
into this issue, the 3-D radar imaging of FAIs in the radar
volume was demonstrated first in this paper.

IV. 3-D RADAR IMAGING

We followed the Capon procedure and algorithm of 3-D
radar imaging proposed in [1] and [4] and acquired the 3-D
imaging of FAIs in the radar volume, as displayed in Fig. 6.
Fig. 6(a) shows the slices at different range locations in the
radar volume. The elevation dimension represents the off-beam
angle in the meridional direction, where positive and negative
angles mean, respectively, larger and smaller than the elevation
angle of the radar beam. According to the 2011 IGRF model,
the declination of geomagnetic field line (B line) was about
7.25° at an altitude of around 100 km above the MUR site
(e.g., the occurrence height of E-region FAIs in the radar’s
viewing region); therefore, the elevation direction indicated
in Fig. 6 was not exactly along the B line. Because the FAIs
are highly aspect-sensitive along the B line, the FAI-echoes
are confined within a small extent along the B line but may
extend to several degrees in the zonal direction, depending on
the radar beamwidth. These features are revealed in Fig. 6(a).
Fig. 6(b) exhibits the slices at different off-beam angles in
the meridional dimension. As seen, the echoes were confined
to the vicinity of zero angle (the radar beam direction), and
two or three strips in the range direction were resolved.

To demonstrate the 3-D structures in the radar volume in
different ways, several brightness levels after normalization are
shown in Fig. 7. Fig. 7(a) displays the case shown in Fig. 6.
As seen, the brightness levels above 0.5 illustrate two FAI
strips clearly. Fig. 7(a) (right) shows the result overlapping
the levels between 0.5 and 1; the level step was 0.05. The
overlapped map does not give a better presentation of the
FAI structure for this case. By contrast, Fig. 7(b) shows
another situation of FAIs, where the overlapped image reveals
a bubblelike structure in the radar volume. Based on these
illustrations, the 3-D radar imaging of FAIs is potentially
workable for ionospheric studies, and more practical applica-
tions of 3-D radar imaging can be expected. In the following,
we demonstrate an application of using the 3-D brightness
distribution of radar imaging to investigate the declination of
B line in the radar’s viewing region.

V. DECLINATION OF GEOMAGNETIC LINE

Since the FAIs are localized along the B line and the radar
beam is directed to the geographic north, the angular bright-
ness distribution may reveal the declination of B line (DB)
even the echoes are highly aspect-sensitive along the B line.
An example is shown in Fig. 8(a), where the angular brightness
distributions at different range locations are illustrated. The
angle step of imaging was 0.25°. First, the mean zonal
locations of brightness values at different off-beam elevation
angles were computed, as shown by the linked circle chain
(like a thick curve) in each panel. We have discarded the mean
brightness levels lower than 0.5 that occurred at larger off-
beam elevation angles, and only the major brightness regions
around the beam center were considered. A linear regression
was then made for the linked circle chain to determine the
slope of the brightness distribution, as shown by the sloping
straight line. In this example, most of the regression lines
indicated approximately the declination of B line in the radar
volume except at the range locations above 150 m. In practical
computing, the slope determined from the ratio of zonal versus
elevation angles was estimated first to avoid quasi-vertical
situation (a very large slope), providing the slope histogram
shown in Fig. 8(b) for the echoes in Fig. 3. The reciprocal
of the slope value in the histogram was the slope defined
by the ratio of elevation versus zonal angles, giving the
sloping straight line like that shown in Fig. 8(a). In Fig. 8(b),
a Gaussian curve was used to fit the slope histogram, and the
Gaussian peak location was the mean slope. Finally, the DB

angle was estimated according to −tan−1 (mean slope); it was
−7.31° in this example, very close to the value, ∼−7.25°,
predicted by the 2011 IGRF model.

During computing, we noticed that the zonal extent of imag-
ing and the SNR could alter the estimated DB angle; therefore,
calculations for different zonal extents were executed, and the
results are shown in Fig. 8(c). Indeed, the estimated DB angles
depended on the zonal extent adopted in the computing and
also depended on the SNR; they were larger than −4° and
close to zero as the SNR decreased to below ∼6 dB. In the
situation of a lower SNR, the brightness distribution obtained
from the Capon method diffuses more than that at a higher
SNR, and it thus makes sense to have the DB angles near
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Fig. 7. Surface plots for different brightness levels after self-normalization, and the rightmost panels are the overlapped results between the levels of 0.5 and 1.
(a) Case shown in Fig. 6. (b) Another situation in the same experiment.

Fig. 8. (a) 3-D radar imaging illustrated by the slices at different ranges. The
linked circles indicate the mean zonal locations at different off-beam elevation
angles, and the sloping straight lines are the linear regression curves. (b) Slope
histogram of the sloping straight lines for the data shown in Fig. 3, received
at the range of 152.7 km. The slope was estimated initially from the ratio of
zonal to elevation components, and the reciprocal of slope gives the sloping
straight lines shown in (a). The peak location of the Gaussian-fitted curve is the
mean slope, giving a mean declination angle, −tan−1(mean slope) = −7.31°.
(c) Range profiles of mean declination angles obtained with different zonal
extents (6°–12°). Vertical, bold dashed line: declination angle of the B line
calculated from the 2011 IGRF model at the altitude of 100 km above the
MUR location.

zero. On the other hand, around the range of 153 km where
the SNR peaked, the estimated DB angles were closer to the

model-predicted value (indicated by the thick dashed-vertical
line) as the zonal extent increased.

The range rates of the FAI striations examined in Fig. 8 were
negative. For comparison, we investigated more FAI striations
with positive range rates; the results are shown in Fig. 9.
Binary complementary codes were employed in this obser-
vation, giving some artificial echoes (code-sidelobe echoes)
at the locations above and below the source echoes, as seen
in Fig. 9(a). Note that an ideal coding-decoding process with
binary complementary codes has ideally zero range sidelobes,
and therefore, these code-sidelobe echoes could be caused by
the Doppler effects from fast movements and rapid variations
of the targets [32].

The code-sidelobe echoes can be identified from the dis-
continuity of brightness distribution in the range direction,
as shown in Fig. 9(b); they were discarded in the estimate
of DB . Fig. 9(c) presents the computed DB angles. The mean
SNRs were mostly larger than 9 dB through the range interval;
however, the estimated DB angles altered within a wider
angular range and varied in accordance with the SNR, which
were different from the previous case shown in Fig. 8. In spite
of this difference, the estimated DB angles still varied around
the model-predicted value.

To validate further the DB angles estimated from the
brightness distribution, an additional experiment with the
radar beam directed to 6.6° north by east was conducted on
August 1 and 2, 2016. It is expected that the slope of brightness
distribution governed by the slanted B line can be balanced
off nearly due to the shift of beam direction, as indicated
in Fig. 10(a). The dashed circle represents the cross section
of radar beam, dash-lined arrow indicates the beam direction,
solid-lined arrow shows the B line, and the dotted short line
is the zonal direction in the imaging process that varies with
the beam direction. Fig. 10(b) displays plentiful FAI striations
having negative range rates. Notice that the radar operation
was suspended for a while at around midnight, causing an
apparent discontinuity of brightness values at that time, which
does not influence the calculation. Fig. 10(c) shows the esti-
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Fig. 9. FAIs having positive range rates, observed on August 17, 2014 with 16-bit complementary codes. (a) Range–time intensity. (b) RIM. (c) Range
profiles of mean declination angles obtained with different zonal extents (6°–12°). The vertical, bold dashed line: declination angle of the B line calculated
from the 2011 IGRF model at the altitude of 100 km above the MUR location.

Fig. 10. Radar observation carried out on August 1 and 2, 2016 without phase codes. The radar beam was steered to 6.6° north by east and 51.5° zenith angle.
(a) Schematic of radar beam direction. Dashed circle: cross section of radar beam. Dash-lined arrow: radar beam direction. Solid-lined arrow: geomagnetic
field line. Short dotted line: zonal dimension in the imaging process that varies with the azimuthal direction of radar beam. (b) RIM. (c) Range profiles of
mean declination angles obtained with different zonal extents (6°–12°). The vertical, bold dashed line: declination angle of the B line calculated from the
2011 IGRF model at the altitude of 100 km above the MUR location.

mated DB angles that varied with the SNR, the range, and
the zonal extent in the imaging process. As compared with
Fig. 8(c), the estimated DB angles shifted to positive values
for the echoes having a larger SNR and still approached to
zero for the echoes at a lower SNR. In general, we shall
adopt the results of using 10° or 12° zonal extents, because
more completed brightness distribution maps are obtained and
thereby provide more reliable estimates. As expected, the DB

angles obtained from 10° or 12° zonal extents were closer
to zero at a higher SNR, demonstrating the influence of the
slanted B line has been balanced off.

VI. CONCLUSION

This is the first study of employing 3-D radar imaging
technique to examine the ionospheric E-region FAIs in the

radar volume. Five transmitter frequencies and 20 receiving
channels were utilized in observation to achieve the 3-D radar
imaging. 1-D RIM and 2-D angular imaging have also been
performed.

The 1-D RIM not only produced sharper and smoother
imaging of FAI striations but also revealed the locations of
code-sidelobe echoes in the use of complementary codes,
making the follow-up studies feasible. On the other hand, 2-D
angular imaging provided angular brightness distribution and
the DOA of the echoes. The off-beam zonal DOA changed
sign alternately with time, which can be attributed to the zonal
drift of the target. On the other hand, the off-beam elevation
DOA was positive at lower range and eventually changed to
negative values at higher range. This feature was assigned to
the meridional drift of the target. Based on this, the DOA
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seems applicable to estimate the bulk drift velocity of the FAIs
propelled by the neutral wind. This issue, however, is still
worth pursuing, because the echoes at different DOAs could
return from different parts of the FAI striation, making the
estimated drift velocity-biased. It is expected in the future that
the 3-D structures of FAIs in the radar volume can improve
the derivation of bulk drift velocity of FAIs, as long as the
snapshot of FAIs is fast enough.

Examples of small-scale structures, such as FAI strips and
bubblelike shape in the radar volume, have been shown.
An application of 3-D radar imaging has also been demon-
strated to be able to indicate the declination of a geomagnetic
field line in the radar volume. The estimated declination of
the geomagnetic field line was close to that predicted by the
2011 IGRF model.
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