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Abstract – Adequate understanding and modeling of
ionospheric scintillation patterns are required for proper
interpretation of measurements and derivation of plasma
parameters. Therefore, we revisited modeling and measure-
ment efforts related to the orientation of low-latitude L-band
(~1–2 GHz) scintillation fade patterns. We deployed a local
(,1 km) array of low-cost global navigation satellite
system–based scintillation monitors at the Jicamarca Radio
Observatory in Peru. The array was used to experimentally
determine the orientation of fades by cross-correlating the
amplitude scintillation patterns measured by monitors. We
also expanded a model of the fading orientation based on
the projection of geomagnetic field-aligned irregularities.
The results show that the measured orientations strongly
agree with model predictions (R¼ 0.969). The results also
help to resolve discrepancies in previous efforts to validate
the magnetic field projection model. Finally, the results
indicate the potential for extracting information about the
height of the scintillation-causing irregularity layer using a
locally distributed array of monitors.

1. Introduction

The diffraction patterns associated with low-lati-
tude scintillation, or scintillation fade patterns, can be
described as highly anisotropic. For instance, analyses by
spaced scintillation monitors deployed at the low-latitude
site of Cachoeira Paulista, Brazil (17° magnetic latitude),
showed that, for up to 1 km in the magnetic meridional
direction, there was no discernible difference in the
received intensity fluctuations [1]. The elongation of
scintillation fade patterns has been explained by the geo-
magnetic field alignment of ionospheric irregularities.
Irregularities originate at the magnetic equator through a
phenomenon known as Equatorial Spread F [2]. Owing
to electric fields and upward drifts, these irregularities
rise and then “map” along field lines to the equatorial
ionization anomaly (EIA) crests, where high-background
densities create favorable conditions for the world’s
strongest scintillations to occur [3].

The orientation in which scintillation fade patterns
are elongated is a fundamental property of scintillation
and a key consideration in various scintillation analyses,
such as the spaced-receiver technique for measuring
irregularity drifts [4]. The spaced-receiver technique uses
the time delay of signal fading received by two or more
receivers to estimate the drifts of the irregularities that
cause scintillation. This is advantageous because while
monitoring ionospheric dynamics can be done using vari-
ous instruments, including radar (e.g., [5]), satellite in
situ measurements (e.g., [6]), or ionosondes (e.g., [7]),
these instruments are relatively expensive and limited in
temporal or spatial coverage. In contrast, the spaced
receiver technique can be implemented using only two
scintillation receivers. Furthermore, the technique is
made even more promising by new advancements in
low-cost global navigation satellite system (GNSS) hard-
ware [8]. For instance, [9] applied the spaced-receiver
technique with low-cost GNSS-based scintillation moni-
tors to measure low-latitude irregularity zonal drifts
using signals from geostationary satellites.

Assuming that the irregularities that cause scintilla-
tion are aligned with the geomagnetic field, [1] modeled
scintillation fade pattern orientations from a projection of
the geomagnetic field vector and attempted to validate it
with measurements. While the model proved accurate in
some regimes, it was not valid for measurements that used
signals propagating within 60° of the geomagnetic field
vectors (~2/3 of the total data). Ultimately, “no compel-
ling explanation” was found for the cause of discrepan-
cies. Points within the 60° cone were excluded from the
remaining analysis. Although [4] expanded on the tech-
nique, experimental validation of their model for scintilla-
tion pattern orientations was not conducted. Resolving this
discrepancy is crucial for the accurate interpretation of
scintillation patterns, and the proper estimation of iono-
spheric parameters using the spaced receiver technique.

Given these complexities, the importance of fun-
damental and applied studies of scintillation, and the
emergence of low-cost scintillation monitors, we aimed
to contribute to studies of the orientations of low-lati-
tude scintillation fade patterns.

2. Methodology

2.1. Experimental Setup

To revisit the studies of the orientation of scintilla-
tion patterns, we deployed an array of three scintillation
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(ScintPi) monitors at the Jicamarca Radio Observatory
(JRO) in Peru (11.97° S, 76.87° W, ~0° dip latitude).
Measurements were made between March 10 and March
19, 2023. ScintPi is a multi-constellation monitor created
using Raspberry Pi single-board computers and low-cost,
commercial, off-the-shelf GNSS receivers [8]. Carrier-
to-noise ratio (C/No) measurements were made at a rate
of 20 Hz and with a resolution of 1 dB-Hz from the fol-
lowing GNSS transmissions (~1.6 GHz): L1 GPS; G1
GLONASS; E1 Galileo; and B1 BeiDou. The monitors
were set up for short-term (,10 days) autonomous out-
door operation using batteries [10]. The experiment was
conducted in March to maximize the likelihood of
observing scintillation [2]. Figure 1 shows the configura-
tion of the experiment array. The array consisted of
receivers labeled T, O, and S. Receivers O and T were
aligned 964 m apart in the magnetic meridian. Receivers
O and S formed a baseline 140 m in the magnetic zonal
direction. The zonal spacing was a compromise between
the Fresnel scale (~500 m) and preserving high cross-
correlation values, consistent with comparable studies
using similar baselines [9].

As depicted in the diagram, the receiver plane
had an approximate 10° tilt, with receiver T being
177 m higher than receiver O. While the tilt complicates
the projection geometry, such a setup is not uncommon.
Scintillation receivers are often installed on top of
buildings, for instance, with height differences of the
same order of inter-receiver distances. This scenario
motivated us to generalize our projection model for
application to any receiver plane.

Because we will be comparing orientations on a
tilted plane, it is useful to define the receiver coordinate
system (RCS). The RCS is an orthogonal coordinate
frame oriented such that all three receivers lie in the xy
plane (receiver plane), with receivers T and O aligned
along the y-axis. The unit vectors of RCS are shown in
dark colors in Figure 1. For reference, the axes of

geographic East-North-Up (ENU) coordinates are
shown in light colors. After defining our coordinate sys-
tem, the transformation from ENU to RCS can be
expressed with a generalized rotation matrix, RRCS [11]:

RRCS ¼ ½x̂RX ŷRX ẑRX � (1)

Where x̂RX ; ŷRX ; ẑRX are the orthogonal axes vectors
of the RCS expressed in ENU. These vectors can be
expressed from the ENU receiver baselines, such as:

ŷRX ¼ OT
�!

(2)

ẑRX ¼ OS
�!

3 OT
�!

(3)

x̂RX ¼ OT
�!

3 ẑRX ¼ OT
�!

3 OS
�!

3 OT
�!� �

(4)

2.2. Measuring Scintillation Fade Pattern
Orientation

We determine the orientation of moving scintilla-
tion fade patterns using the approach outlined in [1],
and summarize as follows. The scintillation fade pattern
is described as a plane wave in the receiver plane, hav-
ing a normal vector

?
k and velocity ?

v . The orientation of
the scintillation fade pattern projected onto the receiver
plane is defined by the projection angle �, which can be
related to

?
k as

?
k¼ cos�;�sin�. Here, we use the nota-

tion that � is measured clockwise from the y-axis. We
chose to neglect time-evolution effects of the scintilla-
tion pattern, as such corrections are typically minor
(~4% difference [1]), and, more importantly, our anal-
ysis depends only on the relative velocity contribu-
tions. Assuming a “frozen-in” scintillation pattern, the
time lag between the signals received in stations is
related to the components of the distance and velocity
that are perpendicular to the wavefront, that is, parallel
to

?
k [1]:

?v � ?k ¼
?
a � ?k
�a

¼
?
b � ?k
�b

(5)

Where ?
a and

?
b are the two receiver baseline vec-

tors, and �a and �b are the respective time lags. We
compute the time lag � between two receivers as the lag,
where the cross-correlation of C/No measurements attains
its maximum value �max. This is a straightforward
approach, but as noted in [12], alternative methods, such
as spectral decomposition, can be used to examine differ-
ent drift behaviors at different fluctuation scales. After cor-
relation, (5) is combined with the definition of

?
k to solve

for the projection angle �.
We identified scintillation events by computing

the S4 index, which can be described as the standard
deviation of signal intensity measured over 1 minute
normalized by its mean value [13]. To minimize the use

Figure 1. Experiment array at the JRO. Receivers are labeled T, O,
and S. Geographic ENU and RCS axes are shown in light and darker
colors, respectively. Background image from Google Earth.
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of measurements affected by multipath, we only consid-
ered data for satellite elevation . 10° and S4 . 0.2. We
also required �max . 0.7 because one would not expect
C/No fading from multipath to be well-correlated in
receivers spaced several hundred meters apart. At the
JRO, scintillation severity is typically weak due to its
magnetic equatorial position and reduced density devia-
tions compared with the EIA [14]. Nonetheless, a sig-
nificant number of scintillation events (S4 . 0.3) were
observed on four of nine observation nights.

2.3. Modeling Scintillation Fade Pattern
Orientation

Owing to the equipotential field line assumption,
plasma irregularities are thought to elongate along the
geomagnetic field line [15]. Therefore, scintillation pat-
terns are assumed to be oriented along the geomagnetic
field lines. Here, we must point out that measurements
made by a two-dimensional array of receivers capture
the projection of the irregularity distribution onto the
array plane. This projection can be modeled by consid-
ering the plane spanned by the satellite-receiver ray
path vector ?r and the geomagnetic field vector B

!
[6].

The normal vector for this plane is ?q¼ B
!

3?r as illus-
trated in Figure 2. The line formed by the intersection
of the ?q plane with the receiver plane represents the pro-
jection of B

!
. We track the orientation of this projection

using the projection angle �. Here, we use the notation
that � is the angle the projected magnetic field vector
makes with the RCS y-axis. The projection angle in the
receiver plane can be found as:

tan�¼ �qy
qx

¼ �Bxrz þ Bzrx
Byrz � Bzry

(6)

Where vectors are in RCS coordinates. ?r is
expressed in terms of azimuth (�) and elevation (’)
angles as:

?r¼ � sinð�Þcosð’Þ; cosð�Þcosð’Þ; sinð’Þ (7)

Which can be expressed in RCS as the product RRCS
?r.

The International Geomagnetic Reference Field
13 [16] was used to compute B

!
at each Ionospheric

Piercing Point (IPP), assuming a thin spherical shell
ionosphere at an altitude of 350 km. To transform
between ENU at the IPP and ENU at the receiver array,
we used Earth Centered Earth Fixed (ECEF) coordi-
nates, which is a Cartesian coordinate system defined
independently of the observer. The full transformation
M that maps B

!
from the local ENU at the IPP (longi-

tude � IPP and latitude � IPP) to the RCS at the receiver
array (longitude � RX and latitude �RX ) is expressed as a
product of rotation matrices:

M ¼RRCS RENUð� RX ; �RX Þ RECEFð� IPP ; � IPPÞ (8)

Where RECEF is the rotation matrix from ENU to
ECEF, and RENU is its inverse from ECEF to ENU [17].

3. Results and Discussions

3.1 Model Validation

Figure 3 compares the projection angles mea-
sured by the array of receivers at the JRO and projection
angles predicted by the model described in Section 2.3
(6). The comparison uses a total of N ¼ 18; 174 � val-
ues obtained during the entire observation campaign.
We found that scintillation measurements occurred pre-
dominantly within two, somewhat specific regions in
the sky, north or south of the JRO, and at low elevation
angles (,30°). These regions correspond to locations of
elevated background ionospheric densities associated
with the northern and southern EIA peaks. The experi-
ment at the JRO, nevertheless, provided observations of
projection angles over a wide range of values, spanning

Figure 2. Illustration of projection geometry. The plane formed by
?r and B

!
allows for calculating the projection of B

!
onto the xy

plane, whose angle is represented by �. Note that magnetic declina-
tion is nearly zero at JRO.

Figure 3. Comparison of projection angles obtained experimentally
(measured �) and using the field-aligned model (modeled �).
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from �60° to þ60°. More importantly, the campaign
results show an excellent agreement between the model
and observations. For instance, the Pearson correlation
coefficient (R) for the model and the measurements
shown in Figure 3 is 0.969, indicating a strong correla-
tion. Additionally, the mean absolute error (MAE) of
the fit was 1.47°.

3.2 Relevance to Previous Studies

Our results led us to hypothesize that the choice
of B

!
during the calculations carried out by [1] caused

the discrepancies between modeled and observed pro-
jection angles in their study. As noted in [4], the study
[1] used a different approach to calculate the projec-
tion angles, which incorporated a trigonometric model
and assumed B

!
to be that at the receiver array location

(B
!

RX ). We point out that B
!

used in the calculation
should be computed at each IPP location to best repre-
sent the projection geometry. Furthermore, because �

is related to ?r 3 B
!
, the difference in � due to this

choice of B
!

will be larger when the angle between ?r
and B

!
is smaller. This can be seen by considering the

small vector residual d B
!� B

!
RX � B

!
IPP and

the product ?r 3 B
!

RX ¼?r 3 ðB!IPP þ d B
!Þ. When

j?r 3 B
!

IPP j � j?r 3 d B
!j, tan� approaches

�ð?r 3 d B
!

Þy
ð?r 3 d B

!
Þx
.

This would explain the larger discrepancies in the data in
the 60° cone. We also highlight that, for observations
at JRO, located near the magnetic equator, using a
single value ( B

!
RX ) would not have been acceptable.

The magnetic dip of approximately 0° would yield
nearly constant values of �.

To test our hypothesis, we evaluated the impact
of using a single value for B

!
(B
!

RX ) instead of the B
!

value at the IPP (B
!

IPP). The evaluation considered a

receiver array located at the low-latitude site of
Cachoeira Paulista (22° S, 45° W) and GPS ephemeri-
des from 2001 [18], the same year and location as the
experiment conducted by [1]. For this evaluation, we
computed � using (6) over GPS satellite tracks between
19:00 and 01:00 LT, with an elevation mask of 10°.

Figure 4 presents the results of our evaluation. It
illustrates how the projection angles estimated using
B
!

IPP and B
!

RX compare. Most importantly, the distribu-
tion demonstrates that the choice of B

!
can lead to

large discrepancies between the model and measure-
ments. The results are similar to the discrepancies
observed by [1] in calculating � using B

!
RX . For

instance, we point out the similarity in the increased dis-
crepancy for large projection angles [1]. Also, the simu-
lation confirms that, like [1], the discrepancies are
minimized when signals propagating within a 60° cone
with respect to B

!
are excluded.

3.3 Estimating Mean Scattering Heights

As described in previous sections, modeling scintil-
lation fade pattern orientations relies on IPPs and assump-
tions about the mean height of the ionospheric irregularity
layer contributing to scattering and diffraction. A layer
height of 350 km reflects the nominal height of the iono-
spheric F-region peak and is commonly used in IPP calcu-
lations [19]. Here, we examine the impact of irregularity
height in the estimation of projection angles and present
an approach for estimating mean scattering heights from
the observed projected angles. Figure 5 illustrates our
analyses and preliminary results. It shows MAE values
computed for observed and model projection angles (�) as
a function of mean irregularity height. The results are for
four different nights during the campaign.

The results in Figure 5 show that well-defined min-
ima in MAE can be identified each day. Minimum MAE
values were found at 390 km, 350 km, 380 km, and
360 km for the datasets corresponding to March 13, 14,
17, and 19, respectively. These results can be interpreted
as the mean scattering height of irregularities during the

Figure 4. Comparison of � computed using B
!

IPP and B
!

RX with
respect to a receiver array located at the low-latitude site of
Cachoeira Paulista, Brazil, and GPS ephemerides in 2001.

Figure 5. Mean scattering height of the IPP versus MAE of the pro-
jection angle model for four days of the observation campaign.
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times when scintillation was observed, between approxi-
mately 19:00 and 01:00 LT. We interpret the width of the
curvatures as representative of the variance of the scatter-
ing height estimate throughout the measurements.

Overall, these results are consistent with our ini-
tial estimate of 350 km and with the common assump-
tion that ionospheric irregularities contributing the most
to scintillation are located near F-region peak heights
[2]. These findings also illustrate the potential of local
array observations to provide information about mean
irregularity heights. This information can be used, for
instance, as input in models of radio propagation that
require specification of irregularity height.

4. Conclusions

We revisited studies of the orientation of low-lat-
itude scintillation patterns. As part of the effort, we
improved a model of the scintillation pattern (projected
magnetic field model). Then, we validated our model by
experimenting at the Jicamarca Radio Observatory
using an array of low-cost GNSS-based scintillation
monitors. Key findings are summarized as follows.

We found that the improved model accurately
described the observed orientations (R ¼ 0.969). These
results also indicate that, even at the magnetic equator
where the projection geometry is limited, orientations can
deviate by as much as 60° from the local magnetic merid-
ian, emphasizing the need to account for this geometry in
scintillation studies. Our work also helped to resolve a dis-
crepancy in modeled and observed scintillation pattern ori-
entations [1]. We built upon previous work [4] by
experimentally validating their model for the orientation
of scintillation patterns and extending it to account for pro-
jections onto a non-level planes. We also demonstrate that
the discrepancy observed by [1] is resolved by considering
the geomagnetic field vector at the IPP location. Finally,
we proposed and showed preliminary results of a method
to estimate the mean height of ionospheric irregularities
responsible for scintillation.
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