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Abstract – This study presents initial results from
a fully polarimetric meteor radar, in which a complete
scattering matrix is constructed at each time step of
observation. Findings highlight the temporal evolution
of scattering mechanisms within meteor echoes. The
study underscores the potential benefits of integrating
polarimetric capability into meteor radar systems, open-
ing a path for further investigations into radio meteor
behavior and enhancing the scientific value of meteor
radar data.

1. Introduction

Meteor radars play a significant role in studying
meteoroids and the upper atmosphere by observing
reflected radio frequency (RF) energy scattered from
plasma trails during a meteor’s entry into the atmo-
sphere. Many installations, whether traditional mono-
static systems or newer multistatic systems, use a single
polarization during transmission and reception, which is
often circular. Circular polarization, being less sensitive
to target orientation, mitigates polarization losses given
the uncertainty around the exact linear orientation of a
meteor’s trail within the reflection plane. Currently, this
status quo has been a reasonable compromise between
system complexity and information collected, particu-
larly in commercial systems whose core science product
of hourly winds in the mesosphere and lower thermo-
sphere need only the echo spatial location and body
Doppler shift to infer wind velocity.

The earliest studies concerning the radio propa-
gation of meteors predicted differences in polarization
behavior [1]. Even in the early experimental stages con-
current with the formulation of the classical model,
some experiments explored the polarization response of
echoes in the context of plasma resonance [2, 3]. How-
ever, since then, and even through the introduction of
modern digital meteor radar technology in the early
2000s, the prevailing use of single-polarization in com-
mercial meteor radar systems has endured.

When studying meteor burst communications,
Wei et al. [4] framed older experiments [2, 3] regarding

the polarization scattering matrix. Also, studying
meteor burst communications, Chung [5] made multi-
frequency orthogonal polarization measurements with a
forward scatter very high-frequency radar. More recent
experiments with meteor trail polarization include Close
et al., [6] who examined the scattering and polarization
of a long meteor trail using the Advanced Research Pro-
ject Agency (ARPA) Long-Range Tracking and Identifi-
cation Radar (ALTAIR), and Stober et al. [7] who
examined reflection coefficients with the Southern Argen-
tina Agile MEteor Radar Orbital System (SAAMER-OS).

In this work, we introduce the concept of fully
polarimetric meteor radar, in which a complete scatter-
ing matrix is constructed at every time step of observa-
tion, providing a complete description of the meteor
scatterer at the probing frequency and aspect angle. A
prototype implementation with the Zephyr Meteor
Radar Network [8] using simultaneously transmitting
and receiving orthogonal linear polarizations with a
coded continuous wave technique is described in Sec-
tion 4.

Radar polarimetry can provide a comprehensive
description of the properties of a radar scatterer. When
applied to meteor radar, it has the potential to improve
detection and enable more accurate discrimination. It
can also enhance understanding of the physical charac-
teristics of plasma trails, which can lead to new insights
and increase the scientific value of meteor radar data.

2. The Scattering Matrix

The scattering matrix, S , is a mathematical
description of a target’s response to an electromagnetic
wave. It represents the target as a polarization trans-
former and links the Jones vectors of incident, Ei, and
scattered, Es, waves,
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The scattering matrix depends on the frequency,
f0, and direction, ki, of the incident wave, and the direc-
tion of the scattered wave, ks, often thought of in terms
of a forward scattering angle, 2�, as seen in the left
panel of Figure 1.

The elements of the Jones vector and scattering
matrix in (1) are given in terms of linear horizontal (H)
and vertical (V) polarization, for example, but any
orthogonal basis will suffice, such as left-handed circu-
lar and right-handed circular polarization. Unlike the
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monostatic case, in the case of forward-scatter, the diag-
onal elements are not equal, SHH 6¼ SVV .

3. Radar Polarimetry

Polarimetry is a measurement technique in
remote sensing that uses the polarized nature of electro-
magnetic radiation to derive information about the
physical properties of a scattering target, including size,
shape, orientation, and composition. It is regularly used
in weather radar applications to estimate the amount of
precipitation in a volume, to distinguish between differ-
ent types of precipitation, such as rain, hail, and snow,
to deduce physical properties, such as drop size distri-
bution, and to discriminate between meteorological and
nonmeteorological targets [9]. This technology is so
useful for meteorology and weather forecasting that the
National Weather Service upgraded its national next-
generation radar (Nexrad) network of Doppler Weather
Surveillance Radars with polarimetric capability in 2011
[10]. Polarimetry is also regularly employed in airborne
and space-based synthetic aperture radar (SAR) imaging
applications, such as vegetation mapping [11], flood
mapping [12], geohazard monitoring [13], urban map-
ping [14], agricultural monitoring [15], ship detection
[16], and others.

4. A Polarimetric Meteor Radar

The Zephyr Meteor Radar Network is a prototype
meteor radar system in development along Colorado’s
Front Range. At the time of data collection, the network
consisted of a single interferometric transmitting station
in Platteville, CO, and three receivers deployed some
tens of kilometers away in a forward scatter configura-
tion. It operates at 31.250 MHz and transmits 500 W
with continuous modulation from each of the six transmit
channels (north, south, east, west, center A, center B).

The radar system employs a continuous wave
code division multiple access transmission scheme as
detailed by [17]. This scheme allows multiple colocated
transmitters to operate within the same frequency band
by sending unique orthogonal codes. The Zephyr system
uses a traditional asymmetric cross-array with circularly
polarized elements for calibrated direction-finding interfer-
ometry [18], as shown in Figure 2. Dual-orthogonal polar-
izations are achieved by transmitting separate codes to
each of two orthogonal linearly polarized antenna ele-
ments of the central antenna.

At the receiving stations, both polarizations are
simultaneously digitized after reception from a single,
dual-polarized, crossed-dipole antenna in an inverted-V
configuration, as shown in Figure 2. By correlating a tem-
plate of the two codes sent through the linear-H and lin-
ear-V transmit antenna elements with the two data
streams received through the linear-H and linear-V
receive antenna, a complex scattering matrix is con-
structed at each time step of observation, as illustrated
in Figure 3. This approach diverges from that of typi-
cal polarimetric radars, where pulses alternate of alter-
nating polarization are used to construct a scattering
matrix. The application is also unique in that it has not
been previously applied to an all-sky meteor radar.

5. Results

The dataset for this study comprises approxi-
mately 235,000 echoes recorded between January 2023
and June 2023 from the Platteville, CO (TX)–Parker,
CO (RX) link, having a separation baseline of 72 km.
Each echo consists of four complex in-phase (I) and
quadrature (Q) time series in the 4 s surrounding a
detection event, representing the elements of the scatter-

ing matrix, S . These are a subset of the full 12 time
series resulting from the correlation of six transmit
channel codes with the data streams from two receiving
channels. For each echo, the bistatic range is recorded,
a Doppler shift and associated velocity along the bisec-
tor vector is computed, as well as the echo’s spatial
location (both azimuth and elevation and latitude, longi-
tude, altitude).

Figure 3 shows the time evolution of typical
meteor echoes collected on the system. Each represents
4 s of IQ data around an event at a particular range gate,

Figure 1. (Left) Sketch of scattering geometry showing bistatic
angle. (Right) Illustration of back and forward scatter coordinate
conventions.

Figure 2. Diagram of the transmit array and typical receiving antenna.
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shown as amplitude (solid line) and phase (circle
points). The four elements of the scattering matrix are
shown as follows: HH, HV, VH, and VV.

Note the shifting contributions of scattering com-
ponents in the time series, which confirm that the tar-
get’s underlying physical characteristics are evolving
over time. While it is beyond the scope of this letter to
interpret the physical mechanisms driving the polariza-
tion signature, these examples highlight the dynamic
nature of the observations in the data set. The novel
aspects revealed in this study emphasize the need for
further in-depth investigation.

Examining the data set as a whole, Figure 4
shows histograms of the amplitude contributions of
each scattering matrix component around “t0,” that is
approximately around the time of peak echo amplitude,
just after trail formation. The copolarization compo-
nents (HH and VV) contribute most greatly to the scat-
tering matrix in this data set.

One way to begin to unravel the data set is to per-
form a polarimetric decomposition, as is common in
SAR data analysis. It is possible to decompose a scatter-
ing matrix into components with a physical interpreta-
tion. The components can be used to discern useful
information about the size, shape, orientation, and com-
position of the target. A canonical example, although
certainly not the only or most robust example, is the
Pauli decomposition, which refactors the scattering
matrix into a summation of orthogonal bases whose

complex coefficients indicate the degree of contribution
of various canonical scattering mechanisms [19],
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In Figure 5, the normalized amplitudes of the
Pauli coefficients for the meteors shown in Figure 3 are
represented as stacked gradient charts to help compare

Figure 4. Histograms counting the amplitude contribution of each
element in the scattering matrix for the echoes in the dataset.

Figure 3. Several examples of typical polarimetric meteor echo sig-
natures are recorded on the Zephyr Meteor Radar Network. Each
trace represents an element of the scattering matrix (HH, HV, VH,
VV) in amplitude and phase.
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components. Not surprisingly, for specular meteor
reflections, the dominant component is the “Pauli A:
single-bounce” coefficient, which indicates the respon-
siveness of spherical, cylindrical, planar, and trihedral
targets. Even so, the contributions of other components
vary, once again highlighting that the target’s underly-
ing physical characteristics are evolving over time.

6. Alignment

Future efforts will explore a complete polarimetric
calibration [20]. For this study, antenna alignment and
channel imbalance were addressed as follows. Antenna ele-
ments were aligned to the cardinal directions as follows:
north and south for the “vertical” polarization antennas,
and east and west for the “horizontal” polarization anten-
nas. In case of misalignment, it is possible to rotate the
scattering matrix to reorient the polarimetric bases,

S0 ¼ cosð��RÞ �sinð��RÞ
sinð��RÞ cosð��RÞ

� �
S11 S12
S21 S22:

� �

cosð�TÞ �sinð�TÞ
sinð�TÞ cosð�TÞ

� �
; (8)

where �R and �T are the counterclockwise rotations
from the horizontal “H” direction in the receiver and
transmitter reference planes.

Care must also be taken to ensure that each trans-
mitting channel radiates with equal power amplitude
and phase and that each receiving channel is equally
responsive to an identical input signal in amplitude and

phase. Each receiver channel must be characterized
such that a correction can be applied if necessary; for
example,

HRX
0 ¼Aei� 3HRX (9)

VRX
0 ¼VRX : (10)

7. Conclusions and Future Work

This study presents preliminary findings from the
inaugural deployment of a fully polarimetric meteor
radar. It illuminates the temporal evolution of scattering
mechanisms within meteor echoes and their detectabil-
ity by polarimetric signature. These distinctive features
open novel avenues for investigating the behavior of
radio meteor echoes, offering new insights and enhanc-
ing the scientific value of meteor radar data.

Contemporary meteor radar systems overwhelm-
ingly employ interferometric direction-finding arrays, with
an emerging trend of incorporating continuous wave-code
division multiple-access transmission schemes. Integrating
orthogonal polarizations by adding or reconfiguring
two-transmit channels is readily achievable. Similarly,
the widespread use of multichannel, software-defined
radio receivers supports orthogonal polarizations on
the receiving side with minimal additional cost.

The potential benefits that could result from the
marginal expenses associated with outfitting a radar sys-
tem for polarimetry are compelling. Possible use cases
include decompositions that maximize signal-to-noise
ratio for enhanced detection, introduction of polarimet-
ric criteria for target discrimination, estimation of the
meteor trail’s spatial orientation within its reflection
plane, calibration opportunities with aircraft signatures,
and a reframing of the full-wave model in terms of the
scattering matrix, along with an extension of the classi-
cal underdense radio meteor model to include polariza-
tion effects.
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