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Abstract. In recent years, more and more radar systems
with multiple-receiver antennas are being used to study the
atmospheric and ionospheric irregularities with either inter-
ferometric and/or imaging configurations. In such systems,
one of the major challenges is to know the phase offsets be-
tween the different receiver channels. Such phases are intrin-
sic to the system and are due to different cable lengths, fil-
ters, attenuators, amplifiers, antenna impedance, etc. More-
over, such phases change as function of time, on different
time scales, depending on the specific installation. In this
work, we present three approaches using natural targets (ra-
dio stars, meteor-head and meteor trail echoes) that allow ei-
ther an absolute or relative phase calibration. In addition, we
present the results of using an artificial source (radio beacon)
for a continuous calibration that complements the previous
approaches. These approaches are robust and good alterna-
tives to other approaches, e.g. self-calibration techniques us-
ing known data features, or for multiple-receiver configura-
tions constantly changing their receiving elements. In order
to show the good performance of the proposed phase cal-
ibration techniques, we present new radar imaging results
of equatorial spread F (ESF) irregularities. Finally we in-
troduce a new way to represent range-time intensity (RTI)
maps color coded with the Doppler information. Such mod-
ified map allows the identification and interpretation of geo-
physical phenomena, previously hidden in conventional RTI
maps, e.g. the time and altitude of occurrence of ESF irregu-
larities pinching off from the bottomside and their respective
Doppler velocity.
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1 Introduction

Radar systems with multiple-receiver antennas have signifi-
cantly improved the studies of atmospheric and ionospheric
irregularities and also the accuracy and precision of their de-
rived parameters.Woodman(1971) was the first to use an
interferometer configuration with two receiving antennas to
study the inclination of the magnetic field at ionospheric al-
titudes over the Jicamarca Radio Observatory (JRO). Later
Farley et al.(1981) introduced the radar interferometry tech-
nique to study field-aligned ionospheric irregularities. Since
then, the technique using two (for one dimension) or three
non-collinear (for two dimensions) antennas has been used
to study different ionospheric and atmospheric irregularities
at different sites across the World.

For example, in the case of equatorial ionospheric irregu-
larities their zonal velocity can be derived using a two an-
tenna interferometer (e.g.Kudeki et al., 1982; Hysell and
Burcham, 1998). In the case of atmospheric research, spa-
tial interferometry has been used to determine the mean off-
vertical position of the atmospheric aspect sensitivity func-
tion, of particular importance for the accurate determination
of the mean vertical wind (e.g.Chau and Balsley, 1998, and
references therein). In the latter application, receiver phase
offsets need to be properly taken into account. In the major-
ity of other applications, using single baseline interferometry,
knowing the receiver phase offsets is not so critical, since
only the relative echo location is needed (e.g. to derive the
zonal drift).

Kudeki and S̈urücü (1991) extended the radar interferom-
etry technique to use more receivers, allowing the measure-
ment of more than one scattering region inside the illumi-
nated volume. The number of scattering regions that can be
detected with a given configuration depends on the number
of degrees of freedom of the interferometer configuration,
i.e. the number of non-redundant antenna separations. Such
technique is now called radar imaging or aperture synthesis
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radar imaging and has been improved and applied at different
altitudinal and latitudinal regions in the last decade. For ex-
ample, it has been used to study equatorial, midlatitude and
high latitude ionospheric irregularities (e.g.Hysell, 1996;
Hysell et al., 2002, 2004a; Chau and Hysell, 2004; Hysell
et al., 2004b; Bahcivan et al., 2006) and lower atmospheric
irregularities (e.g.Chau and Woodman, 2001; Palmer et al.,
1998). For more details on the radar imaging technique we
recommend readingWoodman(1997) andHysell and Chau
(2006).

In radar imaging, taking into account the phase offsets be-
tween receiving channels is crucial for the technique to work.
Such phase offsets are intrinsic to the receiving system and
could be due, among other factors to differences in: cable
lengths, filter responses, connectors, etc. Moreover, these
offsets can change on different time scales, e.g. months to
years for cable aging, or within few seconds due to hardware
changes (e.g. filter, attenuators, cables) or hardware failures
(e.g. loose connections). Depending on the application, one
might need an absolute phase calibration, e.g. when compar-
ing the radar results against other observations like in-situ
observations from rockets or satellites (e.g.Bahcivan et al.,
2005, 2006). On some occasions only relative phase calibra-
tions are needed, for example to determine the motion and
morphology of large scale irregularities (e.g.Hysell et al.,
2004a; Chau and Hysell, 2004).

In specular meteor radar (SMR) systems using interferom-
etry, knowing the absolute phase offsets is very important.
Even though those systems are after single scattering regions
in the illuminated volume, nowadays 5 antennas are used to
improve the precision and to remove angular ambiguity (e.g.
Jones et al., 1998; Holdsworth et al., 2004a), allowing a good
determination of the mesospheric winds and the height dis-
tribution of specular meteor echoes.

Given the importance of determining the phase offsets be-
tween receivers, many authors have proposed different cali-
bration approaches with varying degrees of performance de-
pending on the interferometer system and the application.
Here is a brief summary listing some of the calibration tech-
niques proposed in the literature:

– Feeding a common signal at the input of each receiver
line or close to the interferometric system. This tech-
nique, and its variants, works well for receiving anten-
nas that are closely spaced or for systems where the
common signal is fed through cables of equal (or known
lengths) that are held at a constant temperature. The for-
mer is usually the case for meteor systems, while the
latter usually requires expensive and static configura-
tions. Valentic et al.(1997) used a similar approach,
but instead of injecting a common signal, they used a
radio beacon from a known location. By moving the ra-
dio beacon around, in addition to the phase offsets, they
were able to determine the actual location of the receiv-
ing antennas.

– Use of radio stars.Woodman(1971) andPalmer et al.
(1996) used the radio signals from Hydra A and Cygnus
A to calibrate the Jicamarca and MU radar interferom-
eter systems, respectively. The procedure allows a very
precise calibration, but it only works at a time when
ionospheric scintillation are weak or absent (few days
a year, depending on the site location). Moreover, such
calibration can be used only during few minutes a day.

– Self-calibration using known data features.Chau and
Woodman(2001) used the known averaged spatial char-
acteristics of equatorial electrojet (EEJ) irregularities.
The echoes from these irregularities come from the lo-
cus of perpendicularity in the meridional direction and
from the center of the transmitting beam in the zonal di-
rection. Similarly,Holdsworth et al.(2004b) used the
known statistical distribution of specular meteor echoes
to calibrate SMR systems.Hysell and Woodman(1997)
and Hysell and Chau(2002) found the relative phase
differences by minimizing the peaks of the estimated
image. This procedure was applied by incorporating
one antenna at the time to the minimization procedure.

In all these cases, the calibration procedure was done on a
campaign basis and some of them are very time demanding.
As mentioned above, unless the receiving system is static and
very stable, a systematic procedure is needed.

In the following sections we present three different ap-
proaches that allow either absolute or relative phase calibra-
tions. In the case of the relative calibration, although useful
for some applications, we also present possible solutions to
determine the absolute calibration. Examples of equatorial
electrojet (EEJ) images are presented to describe the perfor-
mance of the technique. One of the techniques also uses the
radio star Hydra, but in this work we present two different
approaches and a general formulation for a system with any
number of receiving antennas. We also present an approach
using meteor-head and meteor-trail echoes. The former is
only applicable on systems with very high sensitivity, while
the latter can be used in low power systems. Then we present
a solution for JRO’s calibration procedure that combines the
benefits of the previous techniques with the need of having a
continuous phase calibration procedure. Having such a solu-
tion, allows a facility like JRO where receiving components
are constantly changing, to be able to apply imaging tech-
niques in an operational fashion (JULIA-like modes) (e.g.
Hysell and Burcham, 1998).

In the last two sections we present and discuss the radar
images of equatorial spread F (ESF) irregularities obtained
with the previous phase calibration techniques. The interpre-
tation of these radar images are accompanied by the inter-
pretation of a modified range-time intensity (RTI) map color
coded with the Doppler information (RTDI). The proposed
RTDI allows the identification of geophysical features pre-
viously hidden in typical RTI maps. For example, we show,
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by comparing against the radar images, that ESF irregulari-
ties pinching-off from the bottomside can be identified and
characterized with the proposed RTDI.

2 Phase calibration approaches

In Fig. 1 we show a picture of the Jicamarca main antenna
along with an imaging configuration example using 8 receiv-
ing antennas denoted by the square modules in red. The cir-
cle in yellow denotes the position of a radio beacon on one of
the hills surrounding Jicamarca. The use and the importance
of the beacon will be described later.

The Jicamarca multiple-receiver antenna can be arranged
in a variety of ways depending on the application. For ex-
ample on some occasions, pairs of modules have been com-
bined to form separate receiving antennas, or smaller Yagi
arrays have been used to allow for more antenna baselines
with shorter separations. Note that with the latter examples
there could be antenna modules with different antenna pat-
terns. Hysell and Chau(2006) improved the Maximum En-
tropy (MaxEnt) imaging algorithm to allow for receiving an-
tennas with different antenna patterns.

In the following sections, for all practical purposes, all the
sources used for phase calibration can be considered as point-
targets, particularly for the frequencies of interests (VHF)
and the antenna sizes involved (10–150 m on each side).
Therefore, the expected phase difference between signals re-
ceived at antennasi and j due to a point target located at
directions cosinesθx andθy is given by

φij =
2π

λ
(1xij θx + 1yij θy + 1zθz) + 1ij (1)

whereθz=

√
1−θ2

x −θ2
y , 1x, 1y,1z are the separations (in

m) between antennasi andj in thex, y, z directions respec-
tively, λ is the radar wavelength (in m), and1ij=δi−δj . The
phase offsets for receiversi andj areδi andδj respectively.
To simplify the formulation, we assume that all antennas are
in the same horizontal plane, so1z=0 for all antenna pairs.

Similarly the complex cross-correlation function between
signals at antennasi andj due to a point target is given by

ρij = Aij exp[ık(1xij θx + 1yij θy) + ı1ij ] (2)

wherek=2π/λ andAij is the coherence magnitude for an-
tenna pairij . For targets coming from overhead,Aij is usu-
ally constant for all pairs, particularly if the antenna patterns
of receiving antennas are the same and the target is very nar-
row.

In both cases, the problem consists of finding the receiver
phase offsets by measuring the phase difference and/or cross-
correlation between antennas. In the case of the example
with 8 receiving antennas, there are 7 unknowns (we can al-
ways assume one of the offsets to be zero) and 28/56 degrees
of freedom if the phases/correlations are used.
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Fig. 1. Example of a radar imaging configuration at Jicamarca using
8 receiving antennas (in red). The transmitting antenna is denoted
in blue. For this particular example, all the possible antenna sep-
arations are non-redundant in the zonal (east-west) direction. The
yellow circle represents the location of the radio beacon on one of
the hills.

2.1 Absolute phase calibration using the Hydra radio star

Radio stars are good point sources with known locations. De-
pending on the site location and frequency of operation, there
could be one or more radio stars with enough intensity as to
be used for calibration purposes. For example,Palmer et al.
(1998) used Cygnus A that is visible over the MU radar in
Japan. In the case of Jicamarca, we can observe the Hydra
A radio star (9 h17′RA, 12◦5′ Dec). Such signal was first
used byWoodman(1971) to calibrate a two-receiver inter-
ferometer using quarter sections. In the case of Hydra, its
power intensity can be easily detected using antenna quarter
sections. Using modules (1/64th of the main antenna), the
Hydra intensity is very weak given the wider antenna beam
pattern, i.e. allowing contribution from other radio sources
in the sky. Its detection depends on the number of indepen-
dent samples used. However, the phase of cross-correlations
between different antennas is very precise and accurate. Al-
though the Hydra signal itself is of similar magnitude than
the background skynoise, the former is very narrow and lo-
calized in space, therefore it is easily detectable from cross-
correlating signals of different antennas.

As mentioned above, radio star signals have to be used
during times when ionospheric scintillations are expected to
be weak or absent. In the case of Jicamarca, one has to avoid
times when ESF and strong EEJ irregularities are expected.
In the latter case,Woodman et al.(1995) has shown that Hy-
dra scintillations due to EEJ irregularities are strong enough
to measure features of the kilometer-scale EEJ waves.

Since radio stars are located at infinity, their signal is inde-
pendent of range, and one could use such features to decrease
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Fig. 2. Fringe stopping.(a) Expected Hydra angle of arrival (AOA) with respect to a baseline;(b) Measured AOA (note phase wrapping due
to 2π ambiguity), and(c) Residual phase after removing the expected Hydra information. The star symbol in panel (b) indicates the transit
time over Jicamarca. The vertical lines in panel (c) indicate the time interval for getting an average value (±5 min around Hydra’s transit
time). Red (+) and blue (×) indicate values for a selected pair of antennas, i.e. EG and CE.

the statistical uncertainty by averaging in range. Moreover,
one can improve the averaging process further by taking into
account the Earth’s rotation, as the radio star transits over the
radar site. Below we present two approaches: one that deals
with just the phase information and one that works with both
phase and amplitude (or real and imaginary components).
Similar techniques have been used by radio astronomers and
are called fringe stopping and fringe fitting, respectively (e.g.
Taylor et al., 1999).

2.1.1 Fringe stopping

As mentioned above, the expected signal of a point target
source could be represented by the phase difference or the
cross-correlation between antennas. Given that the radio star
is very narrow, one can work only with the phase informa-
tion. However, in order to decrease the influence of the back-
ground sky, convolved with the antenna pattern, we recom-
mend using at leastN−1 antenna pairs that are separated
by at least two times the dimensions of the largest antenna,
whereN is the number of receiving antennas.

In Fig. 2 we show an example of the application and per-
formance of the fringe stopping procedure. Figure2a shows
the expected angle of arrival (AOA) (in degrees) of the Hy-
dra signal with respect to a given baseline as function of time
for 2 selected baselines: EG (red,+) and CE (blue,×) .
The star symbols (in black) indicate the transit time of Hydra
over Jicamarca. Figure2b shows the measured AOA for the
same antenna pairs used in panel (a). Given the 2π ambigu-
ity of the phase estimator (arc tangent), the measured AOA
is wrapped.

At this point we can proceed by either unwrapping the
measured phase or by “stopping” the fringes. We find the lat-

ter to be more robust and easier to implement. Knowing the
expected Hydra signal, we proceed by removing the expected
unwrapped phase from the complex cross-correlations, i.e.
removing the Hydra signal. After this operation, the resulting
phase difference is due to the phase offsets of the receiving
antennas involved. Figure2c shows the results of such pro-
cedure (Residual phase). Note that in both cases the residual
phases are almost constant between the vertical lines around
the transit time (±5 min), with a very small variance in elec-
trical degrees (less than 10◦). The phase differences between
pairs are found by averaging 10 min around the transit time.
Then the phase offsets of individual receivers are found from
the estimated phase differences of the selected pairs.

2.1.2 Fringe fitting

Although the previous procedure is very easy to implement,
here we present an alternative procedure that allows the esti-
mation of phase offsets making use of not only the phase but
also the amplitude of the cross-correlations, therefore provid-
ing more degrees of freedom. Since radio stars transit over
the site of interest, the receiving signal changes as function of
time, namely the signal will be coming from different angles.
The expected signal is then given by:

ρ(t)ij = AijP
1/2
i (θx, θy)P

1/2
j (θx, θy) ×

exp[ık(1xij θx + 1yij θy) + ı1ij ] + Cij + ıDij

(3)

wherePi is the antenna pattern of receiving antennai, Cij

andDij are constants due to a possible cross-talk between
signals at antennasi and j . Note that the correlation is a
function of time, since the location of Hydra changes in time.
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Besides the unknown phase offsets, we are also including
the cross-talk terms and amplitudes as unknowns. Making a
suitable selection of antenna pairs, we then proceed with a
non-linear least-square fitting with the Levenberg-Marquadt
algorithm (e.g.Bevington, 1969). Figure3shows an example
for a pair of antennas with different patterns. The top/bottom
panel shows the real/imaginary component of the measured
Hydra signal (red/blue,+/×). The fitted signal (black) shows
very good agreement with the measured signals, for both an-
tenna pairs selected. Note that for phase calibration purposes,
the phase information that we are after is given by the peri-
odicity in time and not by the amplitude, where we observe
some small differences that might be due to discrepancies be-
tween the actual antenna pattern and the theoretical antenna
pattern.

Under ideal conditions, both techniques provide practi-
cally the same information. However, when different anten-
nas are used and/or there is cross-talk between channels, then
the fringe fitting approach is recommended.

2.2 Absolute calibration using meteor-head echoes

Meteor-head echoes come from the plasma in front of the
meteoroid entering the Earth’s Atmosphere. Using a cali-
brated three antenna interferometer, the location of a meteor-
head echo inside the beam can be determined with a very
good precision (e.g.Chau and Woodman, 2004). Figure4
shows an example of a typical meteor-head echo observed
with the Jicamarca high-power large-aperture radar: (a)
range vs. time, (b) angular location (θx vs.θy), and (c) radial
velocity vs. time and signal-to-noise ratio (SNR) vs. time.
The quality of the meteor-head data provides excellent loca-
tion information. Moreover, the measured echo location is
verified by comparing the expected SNR (in green) using the
theoretical antenna pattern and the measured location infor-
mation, against the measured SNR (in yellow). In panel c we
can see the excellent agreement for this comparison.

Given the good quality of meteor-head echo signals, at
Jicamarca we have performed concurrent meteor-head and
radar imaging experiments. For the meteor-head experiment,
three antenna quarters, that are easier to calibrate, have been
used. Then the meteor-head signal is treated as the signal
coming from a point target as before. The phases of the re-
ceiver channels for the imaging system are estimated by fit-
ting the expected real and imaginary components assuming
a coherence of 1 (a good assumption for meteor signals). In
the case of the 8 receiver system, there are 28×2 independent
samples to fit for 7 unknown phases. Again, the unknown
phases are obtained solving a non-linear least-square fitting
using a Levenberg-Marquadt approach. We have found that
this approach is more robust than fitting just the phases where
there are 2π ambiguities associated with the phase estima-
tion. In the latter approach a very good initial guess is needed
to reach the global minimum.
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Fig. 3. Fringe fitting. Measured (red (+) and blue (×) and fitted
(black) real (top) and imaginary (bottom) Hydra cross-correlation
components for selected pair of antennas.

2.3 Relative calibration using meteor-trail echoes

Although the procedure using meteor-head echoes works, in
practice it can be applied only on very few systems where:
(1) the sensitivity is high enough to get reasonable meteor-
head echo signals, and (2) a second receiving system with at
least three large antennas is available for precise location of
the meteor-head echoes.

In this section we present a simple procedure that can be
used on smaller radar system. Instead of meteor-head echoes,
the procedure relies on the echoes coming from meteor-trails
(either specular or non-specular). Again, the signals from
meteor-trail echoes are considered to come from a point tar-
get, this time with an unknown location. Although the abso-
lute location is unknown, the information can be used for a
relative phase calibration.

Our procedure assumes that the meteor signal is coming
from a given location (e.g.θ ′

x=0 andθ ′
y=0), then we proceed

as in the case of the meteor-head echo problem to determine
the unknown phase offsets. At this point the imaging system
has been relatively calibrated (relative system), and depend-
ing on the application one can proceed and use the obtained
information, or find a way to get an absolute calibration. As
we can see below, our procedure to get the absolute calibra-
tion reduces to a mathematical rotation.

In the relative system the phase for the correlation pairij

is

φij = k(1xij θ
′
x + 1yij θ

′
y) + 1′

ij (4)
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Fig. 4. Example of a meteor-head echo observed at Jicamarca.(a) Range vs. time,(b) θx vs.θy , and(c) radial velocity vs. time and SNR vs.
time. The theoretical antenna pattern is indicated in panel (b) for different levels in dB. In panel (c) the measured SNR is indicated in yellow,
while the expected relative SNR based on the antenna pattern and angle information, is denoted in green.

where θ ′
x=θx−θ̄x, θ

′
y=θy−θ̄y , and θ̄x, θ̄y are the direction

cosines of the meteor location with respect to the absolute
system.1′

ij is the phase offset in the relative system. If one

knows the absolute location of the meteor echo (θ̄x, θ̄y), then
the new phase offsets of the absolute system (1ij ) can be
obtained from

1ij = 1′

ij − k(1xij θ̄x + 1yij θ̄y) (5)

This procedure should work as long as the electrical and ge-
ometrical centers of the antennas remain the same for all the
direction cosines of interest. Note that, in general this pro-
cedure will not work for non-coplanar antennas. It will be
approximately true so long as the targets used for calibration
are nearly collocated.

In the case of Jicamarca, we find the absolute location by
using the known mean characteristics of EEJ echoes, i.e. af-
ter a few minutes of averaging, its main location is given as
the locus of perpendicularity in the north-south direction and
the main antenna position in the East-West location. The av-
eraged location of the EEJ using the relative phases obtained
from the meteor-trail calibration is found using three non-
collinear antennas (e.g. the three antennas furthest to the left
in Fig. 1). Comparing the measured location against the ex-
pected location, we find̄θx, θ̄y .

The comparison of this technique against the use of Hydra
or meteor-head echoes is very good. Instead of showing re-
sults of the comparisons, in Fig.5, we show examples of EEJ
images obtained using the meteor-trail procedure. In this ex-
ample, we can clearly see the good quality of EEJ signals in
conjunction with an example of a well defined meteor-trail
echo. As in our previous papers showing radar images of
equatorial ionospheric irregularities, each frame shows the
altitude vs. zonal structure of irregularities inside the illumi-
nated volume. The lightness, hue, and saturation of the im-

age pixels reflects the intensity, Doppler shift, and spectral
width of the corresponding echoes. The EEJ images shows
clearly the expected kilometer scale waves at the top for typ-
ical daytime EEJ echoes (e.g.Hysell and Chau, 2002). Each
image has been obtained with a∼5 s integration time (“ex-
posure”). The meteor-trail echo is well defined with a res-
olution limited by the angular and altitude resolution of the
radar system. An un-calibrated system or poorly calibrated
would have produced either ghost images of the meteor trails
or wider trails.

2.4 Systematic calibration using a radio beacon

Until now, all the procedures presented are applicable on
small portions of data. If the phases of the system remain the
same for the duration of a given campaign, then any of the
calibration procedures described in this paper or others listed
in the introduction, can be applied at any time. However,
on some installations such phases do not remain the same,
either due to constant changes in the system or to a poor in-
stallation (e.g. receiving cables not protected for temperature
variations). At Jicamarca, both situations are encountered,
therefore both short term and long term phase changes are
expected.

In order to be able to perform imaging experiments at Jica-
marca more often and more reliably, we are using a radio bea-
con signal that emits a very low power pulsed signal from one
of the hills surrounding Jicamarca (indicated with a yellow
circle in Fig.1). Such signal is synchronized with the main
transmitter system, allowing the location of the radio beacon
signal at desired ranges, where ionospheric signals are not
expected. Moreover, the beacon signal is narrow band inside
the bandwidth of the main system. In principle, one could
take into account the exact geometry of the configuration,

Ann. Geophys., 26, 2333–2343, 2008 www.ann-geophys.net/26/2333/2008/



J. L. Chau et al.: Radar imaging phase calibration 2339

07:37:09

 

-10 -5 0 5 10
Zonal [km]

95

100

105

110

115
A

lt
it

u
de

 [
k

m
]

     

 

 

 

 

 
 

07:37:30

 

-10 -5 0 5 10
Zonal [km]

95

100

105

110

115

A
lt

it
u

de
 [

k
m
]

     

 

 

 

 

 

 

07:37:52

 

-10 -5 0 5 10
Zonal [km]

95

100

105

110

115

A
lt

it
u

de
 [

k
m
]

     

 

 

 

 

 

 

Fig. 5. Radar images of EEJ events. The phase calibration has been done using a meteor-trail echo and the mean EEJ characteristics. Each
frame has been obtained with 5 s exposure.
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Fig. 6. Modified range-time intensity plot using Doppler information (RTDI). The lightness, hue, and saturation of the image pixels reflects
the SNR, Doppler shift, and spectral width of the corresponding echoes. The legend on the left represents the SNR vs. Doppler color map
for a saturation value of 100%. The legend on the right represents the spectral width vs. Doppler color map for a 50% of lightness.

i.e. beacon position and antenna centers, to obtain the ex-
pected phase changes, particularly since the radio beacon is
inside the near field of the array configuration. However, to
avoid phase changes due to multi-path from the surrounding
mountains and possible differences between the far-field and
near-field electric centers (since the radio beacon signal is
coming from low elevation angles), we have found that an
empirical approach is more reliable.

Our empirical approach consists of:

– Calibrating a given imaging configuration with one of
the aforementioned techniques and obtaining the cali-
brated phases (δc).

– Running (simultaneously) the radio beacon and obtain-
ing the the phase offsets from a beacon signal (δb).

– Obtaining an empirical phase difference between the
calibrated values and the beacon values (δcb=δc−δb).

– Carrying out this procedure for each of the receiving
channels.

As long as the beacon and the antennas do not change po-
sition, δcb should remain constant. Therefore, by measuring
the beacon phase, one can get the desired calibrated phase
at any time, since the beacon signal will take into account
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Fig. 7. Example of ESF images showing depleted channels pinching off a bottomside layer. Each frames has been obtained with 10 s
exposure. Note that the red depleted channels move independently of the surrounding regions that in general drift horizontally.

any of the phase offsets described above, both short and long
term.

In the next section, we present ESF imaging results ob-
tained with the beacon approach. We have been applying
this approach successfully at different times and with differ-
ent hardware (receivers, filters, receiving lines, etc.), but the
same antenna configuration. We are currently using a sim-
ilar approach for a recent specular meteor system installed
at Jicamarca in collaboration with the Australian company
ATRAD. The phases obtained from the beacon approach are
in excellent agreement with in-situ calibration phases and
the phases from the self-calibration approach ofHoldsworth
et al.(2004b).

3 Modified RTI map and equatorial spread F results

Although the main goals of this work are not directly related
to geophysics, in this section we present geophysical results
related to ESF. Such features can be observed and described
due to the employment of radar imaging techniques and in
turn by the technical improvements described in this paper.

In Fig. 6 we present an alternative approach to the clas-
sical range-time intensity (RTI) maps used in previous ESF
works (e.g.Woodman and La Hoz, 1976). Instead of using
a false color scheme, where a given intensity value is asso-
ciated with an arbitrary color (or gray tone), in this modified
RTI, color represents Doppler information. The lightness,
hue, and saturation of the image pixels reflects the inten-
sity, Doppler shift, and spectral width of the corresponding
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echoes. This new RTDI (Range-time Doppler Intensity) map
is obtained by combining the intensity maps of three differ-
ent Doppler bins, i.e. red (around−170 m/s), green (around
0 m/s), and blue (around 170 m/s).

The RTDI map still has limitations of a slit camera, where
spatial and time ambiguities could create distortions and
complicate the interpretation of the results (e.g.Woodman,
1997). However, we think that the RTDI map provides
much more information than a typical RTI. For example, we
can identify depleted channels with completely different ra-
dial velocities than the background (red structures around
21:40 LT, see below). We expect to find other uses of the
proposed RTDI, particularly for monostatic radar systems,
but such efforts will be left for future work.

To clarify the interpretation of the event around 21:40 LT,
in Fig. 7 we show two dimensional (altitude vs. zonal dis-
tance) images. Each image has been obtained with a∼10 s
integration time. As in the case of the RTDI map, light-
ness, hue, and saturation of the image pixels reflects the in-
tensity, Doppler shift, and spectral width of the correspond-
ing echoes, using the same color legend of the RTDI map.
The same convention has been used in previous radar imag-
ing work at Jicamarca (e.g.Hysell and Chau, 2002; Chau
and Hysell, 2004; Hysell and Chau, 2006). Time progresses
from left to right and from top to bottom at∼2 min inter-
vals. We can clearly identify the narrow depleted channel
in red, moving independently of its surrounding regions, in-
cluding the bottom layer where it initiates. This channel
appears to have pinched off from the bottomside, moving
away from the radar at∼150–200 m/s. It started around
320 km around 21:41 LT and continue going up to∼500 km
around 21:55 LT. Note that coexisting with the narrow de-
pleted red channel there are surrounding regions drifting hor-
izontally independent of the channel. Similar radar observa-
tions, including the bifurcation of intermediate- and large-
scale plasma depletions has been reported and interpreted by
Hysell (1999) andHysell (2000).

Pinching was first hypothesized byAggson et al.(1993)
who presented electric field data data from San Marco space-
craft showing the horizontal walls of a channel moving to-
ward one another. Although the ionospheric flow is very
nearly incompressible, diffusion could fill a depleted chan-
nel if it were to become sufficiently narrow through its own
evolution. Hysell (1999) performed linear nonlocal analy-
ses of pinching and bifurcating depletions and found that
both could be explained in terms of secondary instabilities.
For the case of pinching, the equilibrium configuration con-
sidered was that of depleted plasma rushing through a two-
dimensional nozzle channel between high plasma density
walls. More details about the pinching and bifurcation events
can be found inHysell (2000).

Besides the pinching event, there is much more informa-
tion on the radar images associated with the observations as-
sociated with the RTDI event of Fig.6. In the supplemen-
tal material we present two dimensional movies showing the

rich morphology and dynamics of ESF irregularities inside
the illuminated beam. Here is a brief description of the re-
sults in the supplemental material:

– RTDI and frames (http://www.ann-geophys.net/26/
2333/2008/angeo-26-2333-2008-supplement.zip:
movie1.mpg). In this animated file we show the typical
slit camera nature of RTDI plots. In addition we are
including the image frame that corresponds to the
time indicated by the vertical red line over the RTDI.
The movie shows the evolution of backscatter from
bottom-type layers, bottomside layers and topside
plumes, drifting and rising through the ionospheric
regions illuminated by the Jicamarca radar. Contrary
to previous ESF images, the results presented here
have been taking during solar minimum conditions;
therefore, plumes are observed at lower altitudes.
Moreover topside images are less diffuse and less fuzzy
than previous topside images, given that amplitude and
phase scintillations are expected to be less.

– Bottomside and topside plumes (http:
//www.ann-geophys.net/26/2333/2008/
angeo-26-2333-2008-supplement.zip: movie2.mpg).
In this movie we show frames every 10 s between
280 km and 480 km and between 19:50 LT and
21:36 LT. During the first 20 min, we can clearly ob-
serve the shear flow around 360 km and the generation
of secondary instabilities. The bottom region drifting
westward while the upper regions drifting eastward at
times and altitudes when the E-region and F-region
dynamos are still competing. Later, we can observe the
evolution and occurrence of all kinds of intermediate
and large scale instabilities, some of them bifurcating
and pinching off from the bottom regions.

– Pinching event (http://www.ann-geophys.net/26/
2333/2008/angeo-26-2333-2008-supplement.zip:
movie3.mpg). This movie also contains frames every
10 s but this time between 200 km and 400 km and
between 21:33 LT and 22:02 LT. Besides a variety or
intermediate and large scale structures, we can clearly
identify a very narrow depleted channel pinching
around 250 km and rising as high as 500 km (not shown
in the animation, but seen in the movie1.mpg file).
This animation complements the frames shown in
Fig. 7. Contrary to the frames in the main text, in the
movie one can clearly observe that the surrounding
regions are moving independently of the depleted
channel, moreover, there are regions even drifting down
indicated with the blue regions.

For more details on the interpretation and instabilities be-
hind the animated results, the reader should consultHysell
(1999) andHysell (2000). We suggest using a video player
where the playing speed can be controlled, for example VLC
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a cross-platform media player that can be downloaded from
http://www.videolan.org.

4 Concluding remarks

We have presented three non-conventional phase calibration
approaches for radar systems using multiple-receiver capa-
bilities. Except for the approach using meteor-head echoes,
we think the other approaches can be easily implemented at
other sites, particularly, where long baselines are used, con-
figurations are constantly changing, and/or reduced cost on
receiving installation is required (e.g. to avoid running all re-
ceiving cables underground to keep temperature stability).

Depending on the approach selected, we have used either
the phase or complex information. Using Hydra, both op-
tions work under ideal conditions. However, when there are
imperfections in the system (e.g. cross-talk between chan-
nels), using the complex (phase and amplitude) information
is more reliable. In the case of meteor echoes (for both head
and trails), solving the non-linear least square fitting for the
real and imaginary components is more robust than working
with just the phases.

To complement the absolute and relative phase calibration
approaches, we have shown that the radio beacon approach
works well at Jicamarca. Using the pulsed signal from a ra-
dio beacon, a given receiving configuration, needs to be cal-
ibrated only once, as long as the beacon remains in the same
position. Calibrating a given system with one of the tech-
niques described above, an empirical phase difference with
respect to the beacon signal can be obtained and later use
in operational experiments. In principle, even pulse-to-pulse
corrections could be applied. Such approach is currently be-
ing used successfully for all imaging experiments to study
the field aligned irregularities at Jicamarca. This technique is
also being used to calibrate an all-sky meteor system.

Instead of making a statistical study of the performance of
the techniques, we have shown the good performance of the
phase calibration techniques presenting EEJ, meteor trail and
ESF images. In the case of the meteor trail and EEJ, a bad
calibration will be easily identified.

We have also shown ESF results and introduced a new RTI
map that uses the Doppler information (RTDI) in a analogous
manner to the radar images. We expect that the new RTDI
will help identify peculiar events previously hidden in usual
RTI maps. For example, we have been able to spot events
pinching off from bottomside regions. Such events have been
corroborated by the radar images, that show the very narrow
depleted regions with a distinct Doppler information, evolv-
ing inside the illuminated beam. We expect the RTDI maps
will help us identify pinching events in monostatic maps (or
using only two-antenna configurations) to study how preva-
lent pinching is in ESF.

Finally, since radar imaging helps us to extract information
about the spatial structure of the irregularities and the flow,

we expect to conduct this type of experiments in long-term
basis at Jicamarca (JULIA-like experiments). Besides im-
plementing the recent improvements proposed byHysell and
Chau(2006), we are confident that the phase calibration ap-
proaches described in this paper will be instrumental in such
efforts. These future observations will be useful in our ef-
forts of finding evidence for the seeding of ESF irregularities
(e.g.Hysell et al., 2004a), comparison with airglow images
obtained with narrow-field of view cameras north and south
of Jicamarca (J. Makela, private communication, 2006), and
comparisons with recent numerical simulations (e.g.Huba
and Joyce, 2007).
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