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Separability of Systematic Effects in Polarimetric
GNSS Radio Occultations for Precipitation Sensing

Sergio Tomds

Abstract—The Global Navigation Satellite System (GNSS)
polarimetric effects on the propagation of radio occulta-
tions (ROs) are studied here. Polarimetric ROs have been
suggested as a technique to detect heavy rain events using
opportunity signals from GNSS satellites. The systematic effects
that hinder the isolation of the precipitation information are
described and their significance and separability are assessed.
A method that relies on the received phase difference between
polarizations is presented. A dual-frequency extension is capable
to completely separate the hydrometeor information from the
other effects, including the ionospheric influence.

Index Terms—Faraday effect, Global Navigation Satellite
System (GNSS), microwave propagation, polarimetry, radio
occultation (RO), rainfall effects.

I. INTRODUCTION

HE radio occultations (ROs) of Global Navigation

Satellite System (GNSS) opportunity signals consti-
tute a measurement technique for atmospheric sounding
(see [1], [2]). They provide vertical refractivity profiles from
the delay and bending of radio links when the transmitter rises
or sets above/below the earth horizon. These profiles in turn
allow the retrieval of thermodynamic properties as pressure,
temperature, and water vapor. Compared with other instrumen-
tation such as radiosondes or weather satellites, the GNSS-
RO observations present lower systematic errors [3]. Thus,
they have become a reliable data source to be assimilated
operationally into numerical weather prediction models with
no bias correction, having a positive impact on their forecast
skills (see [4]-[6]).

Polarimetric ROs (PROs) have been proposed as a
complement of the standard ROs for the detection of heavy
rain events [7]. The basic concept is that large raindrops,
which are often associated with high rain rates, have an
asymmetry in their shape: they flatten as they fall. This
deviation from sphericity affects the polarization of the GNSS
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signal propagation and is expected to be measurable by means
of polarimetric differential observables.

The space mission Radio Occultation for Heavy
Precipitation with PAZ (ROHP-PAZ), recently launched
on February 2018, will obtain polarimetric observables of
GNSS-RO thanks to a GNSS polarimetric instrument aboard
the low-earth-orbit (LEO) satellite PAZ. The ROHP-PAZ will
be a proof-of-concept experiment for GNSS PRO.

In the GNSS PRO technique, the phase shift at L-band
induced by heavy rain events is what can be considered as
a proxy of the rain rate under certain assumptions. Hence,
a PRO event can profile precipitation cells as shown first
by Cardellach er al. [7]. The precipitation-induced GNSS
polarimetric signatures were later confirmed experimentally
by Padullés er al. [8]. In these ground-based experiments,
the observations were not completely explained by the rain
alone, and additional effects of ice crystals from high clouds
were proposed. This shows that the PRO problem is more
complex than originally intended and the vertical profiling
of ROs has to be considered to separate the influence of
frozen hydrometeors of high tropospheric layers from the rain
cells present at lower layers. On the other hand, the ground
experiment presented differences respect a GNSS-LEO con-
figuration, such as multipath and lack of troposphere-free
crossing rays.

With the next advent of the ROHP-PAZ mission and its
differences respect to ground experiments, there is a necessity
to characterize the end-to-end propagation of PROs in a
GNSS-to-LEO radio-link context. The objective of this paper
is to present the necessary conceptual framework to evaluate
the separability and the impact of the potential effects in the
propagation. This eventually will lead the design of inversion
algorithms able to detect and to quantify a vertical profiling
of precipitation cells based on the phase-shift retrieval.

In this paper, the theory of PROs is explained based on
the end-to-end propagation of the coherent electric field and
how its relative polarization gets modified. The identification
of the systematic effects on the electric field from both
the atmosphere and instrumentation can be summarized as:
1) cells of birefringent media by assymmetric hydrometeors;
2) the circular birefringent medium of the ionosphere; 3) an
existing degree of the left-handed component in the GNSS
transmission; and 4) an unbalanced polarimetric receiver with
variable gain and phase patterns and an initial unknown state.

This paper is organized as follows. Section II describes the
propagation case by a briefing on the observation geometry
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and the basic definitions and conventions for the electric field
and its related observables. Section III summarizes the parame-
ters and the impact of the hydrometeor medium at the L-band
propagation, focusing on precipitation. Section IV introduces
the ionosphere as the medium after the hydrometeors; the main
polarimetric effects on the GNSS transmission are defined and
its separability from the hydrometeor ones is shown. Section V
deals with realistic transmitter and receiver scenarios for a
general propagation case. In Section VI, there is the develop-
ment of algorithms for the separation of precipitation-related
parameters, and finally, in Section VII, such methods are tested
under different simulated conditions to assess their validity
statistically.

II. STATEMENTS AND DEFINITIONS

In this section, the polarimetric propagation of an RO link is
stated, and the fundamental definitions and conventions used
through this paper are given.

A. Radio Occultation Geometry

The RO technique relies on the observation of the setting
or rising of a satellite by either a ground receiver or an
LEO satellite. The studied case in this paper focus on a
GNSS-LEO link. The trajectory followed by the transmission
is bent by refraction in the atmosphere; after the ionospheric
refraction is corrected, the bending angle becomes the basis to
measure thermodynamic properties of the neutral atmosphere.
GNSS systems use a transmitter antenna in a right-handed
(RH) circular polarization (CP), working at L1 and L2 bands,
fu1 = 1.575 GHz and fi», = 1.227 GHz (with additionally
an L5 frequency designed for the newer generations of GPS
at 1.176 GHz).

An RO event consists in a collection of sampled rays in
a low grazing angle that profile vertically the atmosphere.
The vertical profile is scanned with a variable resolution that
depends on the sampling rate and the Fresnel zone [9]; it can
vary from 0.1 km near the surface to 1 km at the tropopause.
The propagation trajectory of a ray starts at the GNSS satellite
and ends at the LEO receiver, having the so-called tangent
point as the closest point to the earth center. RO rays are
either ordered by its tangent point height 47 or by its time #,
existing a nonuniform, one-to-one correspondence between the
two which makes them equivalent. One can describe vertical
profiles as time series, considering that as the time increases in
setting radio occultations, hr decreases, while in rising ROs,
hr increases.

In Fig. 1, there is a sketch of an RO event. There are two
rays to illustrate the possible polarimetric effects while cross-
ing the atmosphere. The high altitude rays cross a long extent
of the ionosphere, totally or partially, until they reach the LEO
satellite. The same behavior follows for the successive rays,
assuming a setting RO, until they reach a tropospheric limit
where hydrometeors can be potentially found in the form of
precipitation or ice clouds; we set this at 7, = 20 km as the
tropopause in the tropics. From there downward, the bottom
rays cross a section of the ionosphere (ionl) and a section
of the troposphere containing possible precipitation cells (tr),
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Fig. 1. Schematic of the GNSS-PAZ RO link (not at scale). There are
represented two trajectories between a GNSS satellite and the satellite PAZ.
The ionospheric sounding ray represents those rays that cross solely a region
of the ionosphere (and even a hydrometeor-free troposphere if low enough).
The tropospheric-sounding ray represents the bottom rays of the RO which
can find precipitation cells along the path. At the bottom of the figure, there
are labeled the atmospheric regions crossed by the RO which are potentially
able to change the polarization of the transmitted wave.

and cross another section of the ionosphere (ion2) to reach the
receiver.

In terms of polarimetric effects, the transmitted CP of the
rays above the hydrometeor layer does not experience any
change by the Faraday rotation, as it is intended in the design
of the GNSS systems. On the other hand, it is expected that
the rays that undergo a depolarizing effect by the hydrometeor
scattering lose the circularity and, therefore, the rotation effect
of the exiting ionosphere path will also affect the propagation
until reaching the receiver plane. The polarimetric effects
related to the tropospheric propagation will be addressed in
Section III, while the addition of the ionosphere will be put
in Section IV. Finally, one may introduce nonidealities in
the transmitter to consider deviations from the CP from the
beginning (Section V).

B. Polarimetric Transmission Equation of the Coherent Field

The propagation can be studied just for the coherent electric
field, disregarding the fluctuations of the incoherent field
by multiple-scattering effects. This is possible because of
the sparse concentration of hydrometeors and to their small
scattering cross sections compared with the absorption at
frequencies lower than 10 GHz [10]. Hence, we can avoid the
Stokes vector and radiative transfer treatment on polarization.

The coherent electric field is modeled by a time-harmonic
planar wave, which follows the convention E(r,t) =
Re[Ee’ @nf 1=k2)] with 7 the direction of propagation [11].
E is a complex vector whose components E; are phasors
for a i-polarization. It is commonly described by using the
horizontal and vertical axes {ﬁ, v} which form a linear basis
in the polarization plane; the vertical axis is contained in
the plane of the propagation, while the horizontal axis is
perpendicular to it. Alternatively, we can use the circular basis
{ig, 0z} corresponding to circular rotating opposed phasors
right and left, so that

E = Eh+ E,v = Egtig + ELt,. D

The transmission equation of the coherent field can be
described in a matrix form. Given an RO trajectory reaching
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troposphere as in the low ray of Fig. 1, we have the following
equation in the linear basis:
—Jkor

Er — ej¢a[m ¢

ATionZTtrTionlEin (2)

where r is the path of the RO radio link, A is the receiver
polarimetric matrix, which accounts for the gain and phase
patterns of the antenna and other instrumental effects of
the receiver system, Tjon; and Tion2 are the polarimetric
transmission matrices for the ionospheric path pretropospher
and posttroposphere, respectively, and Ty is the polarimetric
matrix for the depolarizing scatterers which may be present
at the troposphere such as raindrops or ice crystals. %e’j kor
accounts for the free-space propagation phase delay, where ko
is the free-space propagation constant. An extra phase term
¢am is introduced by the atmosphere affecting equally both
polarizations, and it is removed in any differential polarimetric
observable and it would be any common term in the receiver
stage. Finally, E;, and E, are the Jones vectors of the electric
field, transmitted and received, respectively.

Looking at (1), the Jones vectors can be defined for linear
but also for a circular basis by two different column matrices
with the h-v and R-L conventions, respectively

_|En| _ | Eon
e= (2] = e o
and

c _ ER _ EO,R.
E = [EL = | o euis| @)

The superindex ¢ will indicate the circular basis vectors

along the text. 0 is the polarimetric phase shift between the
vertical and horizontal components (analogously, between the
left and right components), and Eo,; is the amplitude of
the i-polarization component.

We use the forward-scattering convention (FSA), meaning
that the polarization plane of the wave is seen from the
source point of view. Hence, the chirality of the coordinate
system follows T = ¥ x h. The sense of rotation follows the
IEEE convention, which defines as RH the field whose time
evolution at the polarization plane rotates clockwise from the
source point of view. Thus, the right-hand sense agrees with
the chirality of the FSA convention. This means that 6 > 0
corresponds to an RH field and J < O to a left-handed one,
conversely for 6°.

Finally, under the above-described conventions [11],
the conversion matrices between the linear and the circular
basis are defined as follows:

Urc = L [1 = ] (5a)
J2 U

UcL = L [l 1.] (5b)
20 i)’

where subindexes LC and CL stand for linear-to-circular and
circular-to-linear, respectively.
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C. Polarization State Description

A differential polarimetric measurement makes use of the
polarization state. There are different ways to work with it,
so that a briefing is made here for a coherent wave.

1) Relative Polarization: The polarization state is summa-
rized in the relative polarization factor (also known as polar-
ization ratio), which is the complex ratio of the components
of the Jones vector. The definitions used in this paper are the
vertical-over-horizontal ratio

E,
= — 6
r=5, (6)
and the left-over-right ratio
Ep
c
= —. 7
=g )

The modulus is the (polarimetric) amplitude ratio: |y| =
Eo,/Eo,, and its argument is the polarimetric differential
phase Zy = 0. Equivalent polarimetric observables in phase
shift and amplitude ratio can be defined for the circular
basis.

The relationships between linear and circular relative
polarizations using (5a) and (5b) are given by a bilinear
transformation that will be often used in this paper

14+ jyx
Xczq (8a)

. 1—x°
—ir= e (8b)

2) Elliptic Parameters: It is well known that an ellipse
equation can be obtained as the temporal trace of the vec-
tor £(t,z0). As an alternative to the relative polarization,
ellipse-related parameters, namely, the ellipticity € and its
orientation angle ¢, can be used to describe the polarization
state with direct ties with the circular basis description (see a
demonstration in [12]).

The ellipticity is the ratio between the major and minor
values of the electric field amplitude. It is also related to the
amplitudes of E¢

max |E| Eo.r + Eo,L

€(dB) = 201log Eox — EoL

201log )

min || -
where for our GNSS propagation case, Eg g > Ep; and
the absolute value in the ratio definition is dropped. The
ellipticity can also be represented by the ellipticity angle
y € [—(n/4), (m/4)], related as tany = e~
The orientation angle ¢ is the angle of the major
axis with respect to the horizontal axis counterclockwise,
¢ € [—(n/2), (x/2)]. The differential phase between L and
R components is related to the orientation angle as
o = 5L — 5R = 2(0. (10)
A rotation in the linear basis is equivalent to a phase shift in
the circular basis; this convention indicates a negative sign of
the orientation if the rotation is RH and positive if left-handed.
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III. POLARIMETRIC-RO PROPAGATION IN
A HYDROMETEOR LAYER

This section summarizes the well-known effects of hydrom-
eteors layers in a wave propagation. The focus is to put on their
estimation to determine their significance and separability in a
polarimetric measurement at L-band, often overlooked in favor
of higher frequencies. We will address the polarimetric phase
shift as the main observable related to precipitation and the
impact of the differential polarimetric attenuation, also called
dichroism.

A. Effective Propagation Medium in Forward Scattering

A layer of hydrometeors acts as an effective medium in
terms of propagation of the coherent field. This effect is only
possible in the forward-scattering direction due to the coherent
sum of the scattered fields coming from every scatterer.

Van de Hulst [13] demonstrated that a propagation through
a slab of a sparse distribution of scatterers has an effective
complex propagation constant ke = ko + k; ko is the
free-space propagation constant, while k is the excess term
due to the scatterers. The free-propagation term e /%" will be
implicitly carried into the electric field vector, and therefore,
our formulation for the transmission matrix only includes the
excess propagation term.

The excess propagation constant k is complex and implies
both phase shift and attenuation effects per unit length
defined in this paper as k = K — jA, where K is the
specific (or distributed) phase and A is the specific atten-
vation for the wave amplitude. For a sparse concentration
of scatterers, the excess propagation constant approximates
as k = (2r/ko) [ feca(D)N(D)dD [13], where fsca(D) is
the forward-scattering amplitude of a hydrometeor with an
equivolumetric diameter D and N(D) is the particle-size
distribution.

This approximation can be extended to polarimetry. Those
hydrometeors with an oblate shape, namely, raindrops or ice
crystal plates, have scattering properties that depend on the
polarization component i of the incident wave, fgca,;. Thus,
the effective propagation medium becomes linearly birefrin-
gent because of having different propagation constants along
some characteristic axes. The horizontal and vertical axes in
the polarization plane are identified as the characteristic axes
of the medium when the hydrometeors are considered equally
oriented on average, with their symmetry axis aligned with
the local zenith by effect of gravity and air dragging. Since
the canting angle found for precipitation is often observed and
modeled without a preferred orientation (as in absence of wind
shear conditions) [14], [15], the h-v axes’ identification is a
safe assumption.

For polarimetric measurements sensitive to hydrometeors,
we are interested in the differential polarimetric parame-
ters (dp). Thus, the differential specific phase is defined by
Kgp = Kj — K, and the differential specific attenuation is
Agp = Ap — Ay.

The observables come after an integrated RO propagation,
and therefore, the hydrometeor-related parameters to be iso-
lated are the integrated versions of these specific parameters.
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Taking the general case of inhomogeneous layers along the
RO path Ly, the integrated parameters, namely, the differ-
ential phase ®gp and the differential attenuation zgp, can be
defined as

Dgp = /L Kap(Ddl (11)

Tdp = / Agp(D)dl, (12)
Ly

where it is assumed a variation of the specific parameters along

the path due to the particle-size distribution (equivalently the

rain rate for precipitation), the type of hydrometeor, and to the

angle of incidence.

For every slab of hydrometeor medium, there is a different
incidence of the wave, generally oblique; the parallel incidence
to the horizon is only attained in the tangent point of the ray.
The incidence is determined by both the curvature of the earth
which conditions the local orientation of the medium slabs,
and by the refractivity gradients which bend the trajectory of
the rays. The inclination angle affects the forward-scattering
amplitudes and in consequence modifies the propagation
constant [16]. In addition, the standard deviations of the
individual orientations of the hydrometeors introduce extra
factors that decrease the differential propagation constants
respect to the vertically oriented distribution [17], [18]. The
difference between polarizations removes effects present at
both polarizations equally, such as the tropospheric multipath.

Simulations of both the phase shift and the differential
attenuation can be carried to estimate the order of magnitude
of each integrated parameter. Following the methodology
of Cardellach et al. [19], trajectories of actual Constellation
Observing System for Meteorology, Ionosphere, and Cli-
mate (COSMIC) radio occultations colocated with precipi-
tation information by the Tropical Rainfall Measuring Mis-
sion (TRMM) and Global Precipitation Measurement (GPM)
satellites were calculated for the integration, including a
constant standard deviation of the canting angle of 5°. The
ray-tracing method (see [20]) applied here has only considered
the atmospheric refraction, avoiding effects of diffraction
or multipath as explained earlier as they do not alter the
polarimetric observable; a 5° constant standard deviation of
the canting angle was modeled for the raindrops.

The polarimetric phase shift is the main observable sensitive
to the precipitation content. Fig. 2 shows the histogram of the
equivalent delay in mm of the phase shift by precipitation,
(A/27)Dgp(f). The equivalent delay is practically invariant
for the frequencies used in GNSS for all possible rain rates
available. The histogram gathers for every ray those precip-
itation events colocated with COSMIC RO from 2006 to
2014 that would have been potentially measured. Looking
at it, we can establish an upper limit of 20 mm as the
maximum registered case. For L1, this corresponds to a phase
shift of ~39°; the equivalent limits would be 29.6° and 29°
for L2 and LS, respectively. Cardellach et al. [19] assumed
that the ROHP-PAZ experiment noise level for ®gp, would
be ~1.5 mm at the bottom layers of the troposphere, being
this a conservative figure: in [7], it was shown that at higher
altitudes, the noise limits are lower. Therefore, following the
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Fig. 2. Distribution of the polarimetric delay in mm induced by precipitation
from a database of 30000 cases of RO trajectories with precipitation content,
from a set of 550 RO events.

same limits, we will assume henceforth that measurements of
®gp <1.5 mm would be under the noise level as the most
restrictive situation. The effect on the GNSS propagation will
be studied in Section III-B.

As a rule of thumb (see [14]), the differential attenuation
becomes significant from 5 GHz onward. For that reason,
the attenuation at L-band is often overlooked in the literature.
Our simulations of forward scattering at L-band (by the
T-matrix method) shows that the order of magnitude of the
differential specific attenuation Agqp is found between 1073
and 10> dB/km (depending on the drop-size distribution
considered) with a maximum expected differential attenuation
around 74, =0.02 dB, corresponding to very high rain rate
scenarios. Although having a minor role, its effect will be
analyzed in Section III-C.

B. Change of Polarization on a Circular Wave
at L-Band: Phase Shift

As shown in Section III-A, the detection of polarimetric
properties at L-band is mainly sensitive to the phase shift
rather than the dichroism. A sensible approximation is to
assume that the dichroism is negligible and the transmission
matrix belongs to a case of pure polarimetric phase shift.
So that in the above-stated linear basis,

13)

It is straightforward to see that for a depolarizing layer,
the output differential phase ¢y = Zyy is the sum of the
initial differential phase and the induced polarimetric phase
shift ®qp, = @, — ®,, provided both ideal transmission and
reception. For the right handed circular polarization (RHCP)
input Ein = (Eo.ruce/v2)[1 j17, we get

T
¢tr: 5

However, the alternative circular basis representation
becomes useful as other potential effects are taken into account
as we will see along the text. For this case, we have the
transmission matrix formulated as T{. = UrcTyUcr, which

+ (de« (14)
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for the noncanted hydrometeors becomes
co_ l Thon + Ty Thn — Ty (15)
tr 2 [Ton — Tvy  Thn + Ty’

For the transmission matrix, we can define the crosspolar-
to-copolar circular ratio p, which is the circular relative
polarization output for an RHCP input

Thh - TVV

P = Hilwer =7, 37, 1o

Then, for an RHCP field, the output circular relative polar-
ization under negligible dichroism is

1 —e /%0 . Dgp
e~ g

For a pure RHCP input wave after a pure phase shift layer,
the output polarization becomes elliptic. From the argument
of (17) and the definition of the orientation angle (10), one
can see that the ellipse is rotated ¢ = —(7/4) (thus, RH)
independently of ®g,. The phase-shift value only affects the
ellipticity of the field, slightly flattening its roundness across
the first-quadrant bisectrix direction.

The flattening is seen in the ellipticity angle y, which can be
obtained by the following expression using the result in (17):

T q)dp
tan T tan >

Plag—0 = (17)

. 1—tan%
any = — = =
l+tan—2 1+ tanZ tan <2

D
—tan (- =%,
4 2

If we set as an upper boundary ®g, = 38.7° (equivalent to
20 mm), the maximum possible flattening is of an ellipticity
angle of 35°, a 10° deviation from roundness.

The ellipticity as the inverse of tan y after some manipula-
tions is given in dB by the form

(18)

Qg
2 +4

where the second approximation is valid for all possible values
at L1-band.

€(dB) =201log [tan ( ﬂ ~ 0.292Q4p(mm) (19)

C. Change of Polarization on a Circular Wave at L-Band:
Differential Attenuation

Respect to the previous section, now we study the impact
of the dichroism of the precipitation medium as a minor term
affecting both the orientation and ellipticity of the polariza-
tion ellipse. We focus particularly in the raindrop dichroism,
because the dichroism by ice particles can be assumed as
negligible at L-band due to even more smaller values of
integrated attenuation.

We start defining the linear copolar ratio as an auxiliary
term, where not only the polarimetric phase shift ®g, is
present but also the differential attenuation zgp from (12):

T
Thn

whose module has a value close to 1.
When considering oblate raindrops, from L-band onward,
the differential attenuation is always positive zgp > 0 because

g=—" =Wt (20)
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of the larger attenuation experienced at the horizontal polar-
ization with respect to the vertical one; therefore, |g| > 1. The
effect of |g| # 1 on the elliptic field is best seen using the
circular basis. In this case, the circular relative polarization
for an RHCP input defined previously (17) now becomes
using (20)

1-—g 1—|g]*—j2Im[g]

= = 21
PO =13, 1+ g7 ey
having its argument as
2|g| sin ®
/p = arctan M
lgl= =1
T e?tr — 1
~— (22)

2 2e™r sin @gp

assymptotically approximated because |g| = 1.

Thus, the orientation angle of the elliptic field is deviated
RH by an additional A¢ angle-dependent on both z4, and ®gp
(®ap # 0)

eZpo -1

Ag (po, (de) = (23)

4e™ sin Ogp, -
This extra rotation can be interpreted as the larger attenuation
on the horizontal axis stretching the ellipse, which makes that
the diagonally oriented ellipse rotates further in the RH sense.

On the other hand, given a certain ®gp, the variation caused
by zgp in the modulus of p can be assessed using a first-order
approximation of p(g) = p(|g|) around |g| = 1 (equivalent
to approximate around tgp, = 0) with the auxiliary term
po = tan(®gp/2)

d
p(gh ~ p() + (gl — 1) =2
dglljgi=1

1
= —jlpol + (Igl = 1) [jlpol + 5(1 - Ipolz)] (24)

and the modulus for this expression results

: : 1
|p(xap, @ap)| = 1=jpo + (€ — 1) [Jpo +500- p3>]|
1
= ‘5(61"" — (1 = p§) + j(e™® —2)po| (25)
1
wEJ@+®@ (26)
where for the last approximation, we have used

exp(zap) ~ 1 + 74p and tan(Dgp/2) ~ Dgp /2.

Equations (23) and (25) can be evaluated using the statistics
about ®gp and 74, obtained in the simulations that used
the COSMIC-TRMM (or -GPM) collocations (as in Fig. 2).
Both parameters are related according to microphysical rain
parameters and the path length. Fig. 3 (top) shows the relative
deviation of the modulus of p from the no-dichroism case. The
relative error assumed if the attenuation is not considered is not
larger than 0.5%. Fig. 3 (bottom) shows the extra orientation
angle Ag where it is shown that it cannot be larger than 0.2°.
Therefore, we can conclude that the impact of the differential
attenuation is negligible compared with the phase shift, and it
will be safely skipped hereafter.
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Fig. 3.  Effects of the raindrop differential attenuation in the change of

polarization at the L-band circularly polarized signals both in amplitude and
phase as a function of the rain-induced polarimetric phase shift in mm. (Top)
Relative error in the modulus of p. (Bottom) Orientation departure of the
polarization ellipse.

IV. POLARIMETRIC PROPAGATION IN THE IONOSPHERE

A. lonospheric Effects on Polarization

The ionosphere is a magnetoionic dispersive medium where
the earth’s magnetic field and cold plasma interact varying in
space and time. Under some simplifications, the ionosphere
induces two characteristic propagation modes that in general
are elliptic polarizations with the opposite rotation senses [21].
As ellipses, the modes can be considered as a mixed case of
a linear polarization and a CP. One can assign respective dif-
ferential propagation constants on linear polarization and CP,
where each one depends on a different component of the mag-
netic field B with respect to the wave propagation direction .

On one hand, for the linear differential polarization, there
is a phase shift by linear birefringence which comes as a
function of the transversal component Br (orthogonal to
the propagation); this is called the Cotton—-Mouton effect.
On the other hand, the Faraday rotation effect rotates the
polarization ellipse by circular birefringence, which depends
on the longitudinal component of the magnetic field By = B-t;
the rotation is RH if the component is parallel and left-handed
if antiparallel.

The Cotton—Mouton phase shift is lower than the Faraday
rotation due to a different frequential dependence. Thus, for
frequencies of the order of hundreds of MHz and above (as in
radiofrequencies), the polarization changes are just of rotation
due to the longitudinal component and valid for practically
all alignments of the magnetic field with the propagation
direction (quasi-longitudinal approximation) as demonstrated
by Yeh et al. [22].

Under the quasi-longitudinal approximation, the Faraday
rotation at an RO-trajectory position r is given by

4
Q)= —%/Ne(r)BL(r)dr 27)
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where the constant is for SI units, N. is the density of
electrons/m3, and B is the longitudinal magnetic field. The
opposite sign gives the convention of an RH rotation for a
longitudinal component parallel to the propagation direction.

From the linear basis point of view, it is shown that the
circular birefringence corresponds to a rotation transformation
of the polarization ellipse. For each differential path dr, there
is a rotation matrix such as

cosdQ —sindQ
sindQ  cosdQ |’

The net rotation with the integrated angle can be assumed as
the chained product of rotation matrices: R(Q) = R([ dQ) =
[ Ri(dQ).

The rotation effect can only be experienced by a noncircular
field, such as the output from a precipitation layer. Notice that
in the case of CP Ecp = [1 =+ j]T, the rotated field gets
a common phase at both components Eqyy = R(Q)Ecp =
e/QEcp so that its polarization state does not change and
remains circular, you = ycp = £j.-

An ionospheric-rotated field Eqy = R(Q)Ei, if expressed
in a circular base as UrcEqy shows the rotation as a phase
shift between the left and right components. The relative
polarization output is

j2Q
Xgut(Q) =e’ Xicn'

We can see that the ionospheric transmission matrix in the
L-band as a circular birefringent medium, being the dual case
compared with the hydrometeor transmission matrix in (13).
The ionospheric-induced circular phase shift is twice the
Faraday rotation angle, ®; — ®r = 2Q, where ®r | is the
excess phase terms for the CPs.

R(dQ) = (28)

(29)

B. Estimation of Faraday Rotation Values

While for higher frequencies, the Faraday rotation is a small
effect, at L-band, it is a meaningful polarimetric effect when
the polarization is not completely circular, as expected to be
after the change of polarization state by hydrometeors.

As a way to characterize the distribution and maximum
values for the rotation angle in ROs, numerical simulations
of (27) have been made. As previously stated, they have been
applied on real RO trajectories from the COSMIC mission
colocated with actual precipitation TRMM observations during
the 2006-2014 period for a total of 550 fully simulated events.
The ionospheric acquisition mode (not present for every RO)
provides around 200 rays, at one second rate, corresponding to
tangent point altitudes between 450 and 130 km height. The
tropospheric RO rays are taken below 130 km each 20 ms
during 120 s approximately for an amount of ~6000 rays.

The profiles of both electron density and earth’s magnetic
field at each point of the trajectories have been set to the
IRI-2012 model (the International Reference Ionosphere) [23]
and the IGRF-12 model (the International Geomagnetic Refer-
ence Model) [24], respectively. They are defined for a height
interval from 100 to 600 km as an intersection, where both
factors are meaningful to their contribution in the integral;
below 100 km, the electron density content is five orders of
magnitude lower than the peak value, and above 600 km,
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Fig. 4. Simulated vertical profile of the Faraday rotation angle for the

COSMIC RO ID:C001.2006.233.17.15.G28, exemplifying the behavior of
the angle in ROs. (Left) Profile showing the expected variation of Q for
integrated RO trajectories, which is partially tracing the ionospheric layer.
(Right) Zoomed-in view of the latest 100 km where the smooth variation
of the profile is found. The angle has been splitted in its pretroposphere and
posttroposphere contributions after the troposphere boundary where hydrome-
teors are potentially found. The horizontal dashed lines show a possible height
interval where the linear behavior of € is granted for calibration purposes.

both magnetic field and electron density decrease quickly, but
higher than the PAZ orbit, which is expected at 514 km,
ensuring that there is no meaningful gap in the modeled
integration toward the receiver.

These models account for monthly averaged properties, and
thus, this paper aims to quiet to moderate geomagnetic and
ionospheric conditions, while extreme episodes may become
underestimated and the statistics smoothed. Nonetheless, high
values of the ionosphere properties do not necessarily imply a
high net rotation value, since there may be partial cancellations
because of opposite alignments of the magnetic field along the
integrated path, a possible circumstance in a sat-to-sat limb
sounding.

1) Vertical Profile of the Rotation Angle: As shown
in Fig. 1, the vertical profile of the rotation angle affecting the
propagation can be split in two different regions, as shown by
the simulation in Fig. 4. The top region, where the layers of the
ionosphere are crossed tangentially and their vertical structure
is partially traced because the rays sweep across its gradient.
The bottom region, where the contributions of the N.By,
product to (27) integral become smaller and the difference
between consecutive rays decrease to be almost constant,
showing a smoothiness in the profile. This is indicated by the
height boundary & (assuming height as that of the RO tangent
point).

Rays with tangent point heights below &g sweep a similar
section of the ionosphere, because their incidence angles are
close to the gradient of the ionospheric variation. In addi-
tion, this region is separated by the tropospheric boundary
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Fig. 5. Histograms of the (Top row) total rotation angle and the (Bottom row)
posttroposphere rotation angle for the trajectories below h; = 20 km, for a
total of 220000 cases. For comparison, there are the (Left column) minimum
solar activity period (2008-2009) and the (Right column) maximum solar
activity period (2013-2014), respectively. The slight bias toward positive
values noticeable in Q, can be explained by the major number of accounted
RO cases in the northern hemisphere, where many of them have a relative
alignment with the magnetic field that gives a positive net rotation for the
posttroposphere region.

set at h;. Since precipitation and other hydrometeors might
occur below /;, one has to make a distinction between the
pretroposphere angle Q; and the posttroposphere angle », as
modeled by the transmission equation of (2) (see also Fig. 1).
To summarize, we define three regions based on the altitude of
the tangent point: above iy where the rotation angle Q behaves
nonlinearly in altitude; below /g, where it does; and below /4,
where the different ionospheric effects might happen (before
and after crossing the hydrometeors).

2) Statistics of the Rotation Angle: The statistics of Q are
carried over the set of simulated RO rays below h; for a total
of 220000 trajectories. Fig. 5 shows a histogram of Q at the
L1-band for a period of minimum solar activity (2008-2009)
and a period of maximum solar activity (2013-2014). One can
see that the distribution is almost symmetrical centered at zero,
being broader for the maximum activity in the ionosphere.

As the worst case, we can set a boundary for the rotation
angle of £30°. The equivalent values at frequency bands
L2 and L5 would be +49° and £53°, respectively.

The posttroposphere ionospheric path is responsible for a
rotation € in a field whose ellipticity has been induced
by the presence of tropospheric hydrometeors. Therefore, its
statistics are specifically needed to deal with the retrieval of
the precipitation. In Fig. 5, they are shown for A7 < hy. The
values can be restricted to an interval of £15° at L1, equivalent
to +£24° (L2) and £26.9° (LS5).

C. Separability of lonospheric Rotation From
Hydrometeor Phase Shift

1) Circular Basis Representation: The noncircular field
found after crossing hydrometeors is rotated by the ionosphere

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 56, NO. 8, AUGUST 2018

present in the path between the troposphere and the LEO
satellite by a matrix Tjonp = R(€Q3). The standard approach
for a polarimetric measurement is to measure both amplitude
and phase. Then, we can separate the effects of phase shift and
rotation when it is formulated in a circular basis because of
the circular phase factor that models the rotation effect in (29).

Given the pure phase shift approximation in the L-band
for Ty and the received field as Eion = Tion2TwErHCP,
the circular relative polarization output after crossing ion2,
using (17), is

. . ()
c 2Q . i2Q dp
Xion2 = pe’ 2 — —]ef 2 tan —— .

(30)

The precipitation phase-shift effect ®qp, is only present in
the amplitude ratio as in (17), while the Faraday rotation angle
posttroposphere > is only present in the circular differential
phase, with no influence of one to the other

T
Lxiom = -5 + 2Qs. 31D

Therefore, a full-polarimetric measurement is enough to esti-
mate both effects, precipitation and ionosphere.

2) Linear Basis Representation: Whereas a
full-polarimetric measurement of the electric field theoretically
allows the separability of @gp, this feature cannot be granted
due to low SNR scenarios in ROs for the lowest rays
(see [7]), fading events and the difficulties of a proper
amplitude calibration. Hence, an alternative approach based
on the linear differential phase / yion2 is developed (note that
in the previous section, the circular differential phase Zyx{ ,
was used instead). This is the base for the phase-polarimetric
retrieval explained in this paper.

After the posttroposphere rotation, we can use the relation
between relative polarizations (8b) to get
728,

1 —pel®® 1 —|p|* — j2Im[pe/>?]

1+ pei22 [1+ pei22|2

—J Xion2 = (32)

Considering the case of zero-mean canting angle with no
dichroism, p = — j tan(®dgp/2) is replaced

1 — tan? % + j2tan % cos2Q
|1 4 pei?2|2

—J Xion2 = (33)

Finally, the differential phase as the argument of yjon2 is

Dgp
2 tan >

+ arctan | cos2Q» 5
2 Fdp
2

1 — tan

Z){ionZ =

oY o)

= — + arctan(cos 22, tan Qgp). (34)

In the absence of ionosphere, the differential phase would
be the result seen previously in (14). As seen in Section IV-B,
Q) is expected to be distributed symmetrically between £15°;
then, the cos 2€), factor may reach a value of 0.86 as the worst
case of ionospheric peak activity.

With the expected values for both Q; and ®g,, the arct-
angent can get linearized by its argument for a wide range
of values, losing accuracy as either one of them exceeds the
condition of the small angle (this will be further discussed in
Section VI-B1).
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The approximation of the arctangent and the two respective
additional small-argument approximations for the rotation and
the phase shift define a linear approximation for the pos-
tionosphere differential phase

L iom2 A % + (1 - 203) Dgp, (35)
where tan @gp ~ ®gp and cos2Qp ~ 1 — 29% have been
used. Equation (35) would correspond to the GNSS PRO
differential phase measurement if the transmitted wave was
perfectly circular and the receiver did not induce any further
effects.

V. REALISTIC POLARIMETRIC-RO PROPAGATION:
TRANSMITTER AND RECEIVER EFFECTS

This section deals with nonidealities at the both ends of the
transmission equation. They alter the results seen so far in the
previous sections, and the propagation is now fully modeled
according to (2).

A. Receiver Effects

The GNSS polarimetric receiver has two kinds of instru-
mental systematic effects: 1) a fixed one based on the receiver
architecture and 2) a variable one dependent on its initial state
for each RO measurement. The receiver matrix can be seen as
a product between a phase shift matrix and a gain matrix

A— {1 0 ] {ahh ahv}

0 ej(pam avh  Qyy|

The left matrix models the unknown initial phase shift of
the GNSS receiver. The right matrix is the gain and the phase
pattern matrix for the antenna ports, where copolar coefficients
are dependent on the angle of arrival of the ray, accord-
ing to the antenna pattern a;; (0,, ¢,); the crosstalk between
the channels is modeled by the complex coefficients a;;,

(36)

Ghy # Ayh.
The received components h and v contain a
cross-polarization element due to a;; coefficients
Epy = annEnjin + anvEyin = Encp + Enxp  (372)
Eyr = aywEyin+avnEnin = Ey,cp + Ep xp-  (37b)

The first terms are the copolar ones, E; ., while the second
terms are the cross-polar Ej xp.

The cross-polar isolation is defined as the ratio between
copolar and crosspolar powers received at a given port i
Eicp gii

i,Xp

XPI; = 201log = 201log i=h,v (38)

aijj
assuming the same power input at h and v to test the
system.

The isolation achieved in the PAZ receiver antenna is on the
order of 30 dB at L1 (~27 dB at L2) making |a;;| < l|aj;|.
Under this assumption, the receiver matrix that we consider
henceforth is approximated as

A {ahh

0
0 avvej¢arcj| . (39)
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TABLE I
MAXIMUM ADMITTED ELLIPTICITIES IN GPS

Band Block ITA™ Block IIR/IIR-M/IIF/GPS 11T
L1 <1.2 dB <1.8 dB
L2 <3.2dB <22 dB
L5 not applicable <2.4 dB™

“Decomissioned on 25 Jan. 2016

** Available for all block IIF and beyond

B. Elliptic Transmission

The specifications of GNSS give a tolerance for the ellip-
ticity (as axial ratio) of the transmission beyond a CP. For
the GPS satellites, several values are given as a function of
frequency and satellite generation, as seen in Table I composed
according to [25] and [26] for maximum ellipticities over the
angular range of £13.8° from nadir.

This relaxed constraint on the circularity models the initial
transmitted field as

1
EiCn = ER,in {mejA}

where m is the initial amplitude ratio of the transmitted field
m = |Er|/|ER| and A is the initial circular phase shift A =
0L — OR, related with the initial orientation of the transmitted
field [see (10)]. A is completely undetermined and can have
any value between £x, while the worst m is conditioned to
the worst ellipticity in Table I by

(40)

el 41
T “h
We assume that for the complete RO event, the ellipticity
degree does not change appreciably along the height, but each
satellite potentially has a different value. If we compare the
worst case scenario transmitted ellipticities to the ellipticity
induced by hydrometeors, described by (19), we can see that
the latter is comparable below a certain value of phase shifts.
This result makes relevant to assume a nonideality in the trans-
mission. Hence, a study is necessary to estimate the impact of
the parameter and to design a procedure to remove as much
as possible the influence of the nondesired ellipticity sources
from the one that is related to the precipitation. As explained in
Section V-C, the initial ellipticity is responsible to the further
mixing of atmospheric and ionospheric effects, which adds an
extra complexity compared with the ideal case of Section IV-C
which needs to be assessed.

C. General Polarimetric Propagation Case

Considering all the above-described effects, the resulting
received field has a more complex formulation. Recalling
the transmission equation, the most general case we have
considered so far is

E, =A (Z_;:l, ¢arc) R(QZ)Ttr((de)R(Ql)Ein(m, A) (42)

for low RO rays. Qi are the Faraday rotation angles for
the ionospheric paths of pretroposphere and posttroposphere,
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respectively. The tropospheric transmission matrix contains a
term of phase shift and a term of dichroism.

We can develop step by step the relative polarization factor
after each matrix. First, the initial elliptic field is rotated
after the ionospheric path pretroposphere until reaching the
troposphere

(A+20))

Kion1 = me’ (43)

The rotated field now is affected by the hydrometeor layers.
Since the input field is not circularly polarized, it is useful to
compare the RHCP input situation described previously with
the current one. Thus,

E¢ — ER,in |Thn + Ty XiCn(Thh —Tw)
t 2 Thn — Ty Xicn (Ton + Tyv)
Ton + Twy |1+ pyi
= ERin———— mn 44
R,in ) |:p + chn ( )

where the definition for p is given by (16) and may include all
the effects of dichroism and canting together with the phase
shift. Equation (45) gives the tropospheric-output relative
polarization factor. Replacing terms for y{;, with those for the
current case, we have

. P+ mel (A+2Q1)

X = 1+ pmel A2 (45)

After the troposphere, the ionosphere posthydrometeor
introduces another rotation factor ¢/, Therefore,
P+ mel (A+291)
11 pmel (3200
is the relative polarization that reaches the antenna plane.
Finally, the receiver matrix gives the received linear relative

polarization. Considering the approximation by perfect isola-
tion of the channels by (39), we get

— L2

Jioma = € (46)

ayy ayy i, 1 —y&
xr = ﬂelﬁbarcxionz — ﬂeﬂﬁarc] Xlémz
ahh ahh 1+ xiom

(47)

recalling the bilinear relation in (8a).

An important assumption that we can do is a linear
approximation on (46). As seen from the Section III-C and
Section V-B, p < 1 and m < 1 imply |mp| <« 1, which lead to

Xom ~ pel B2 mel® (48)

where § = A +2Q; + 2Q;, is the auxiliary angle.

The circular relative polarization at the antenna plane is the
sum of two factors: one due to the polarization by hydrome-
teors through the exiting ionosphere, pe/2?2, and the second
due to the initial transmitted polarization through the entire
ionosphere, me’?. The maximum value of | p| is around 0.33,
which is comparable to the maximum values for m; thus, both
components are equally meaningful. We can reformulate the
observed relative polarization as

290 _ 00

avw 4 11— pe
—e/The g - —.
ahh 1 + pe/22 4 meit

The concurrence of several systematic effects and the
way how they mix makes difficult the retrieval of the
hydrometeor-induced effect p from the rest in comparison
with Section IV-C. The separability of the parameters and the
suggested procedures to achieve it is discussed in Section VI.

2= (49)
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VI. SEPARATION ALGORITHMS
A. Observable and Calibrated Phase

The GNSS receiver design relies on the accuracy of phase
measurements, while the tropospheric RO rays are expected
to have a low SNR. Hence, a full-polarimetric method mea-
suring both amplitudes and phases in the troposphere is not
considered suitable for every RO case. However, under several
approximations, it is possible to separate the hydrometeor
phase shift ®gp from the rest of terms (transmitter, receiver,
and ionospheric effects). The separation algorithms are based
on the linear phase approach seen in (35) and develop from
the expression in (49).

The measurements along the region are given by the observ-
ables Ej obs(t) and E, obs(f), where from now on, the time
series will be explicitly shown. We will assume a setting RO,
but a rising RO only needs to redefine the order of some
time intervals defined in the following. We define the observed
differential phase as

¢obs = ZEv,obs - ZEh,obs (50)

which we identify as the estimate of the argument of the
relative polarization at the receiver plane: ¢obs = £y, (¢) and
the following phase equation can be set:

Qbobs(t) = ¢ant(t) + Qbarc + Z){ican(t)

where the contribution of the antennas is ¢unt = Zayy — Lanh.
The observable phase has a time-dependent systematic vari-
ation as the RO sets in addition to the expected hydrometeor
phase-shift vertical variation. This is due to: 1) the variation
in the angle of arrival which gives different values in the
antenna coefficients according to the antenna pattern and 2) to
the variation in the ionospheric path when the propagation is
not circular. The ¢an(¢) variation can be completely corrected
assuming that we will have knowledge of the copolar parame-
ters of the antenna apy and ayy for all the angles of arrival.
Therefore, we define the antenna-calibrated phase as

¢cal (t) = ¢obs(t) - ¢ant(t) = ¢arc + Z){ion2(t)~

The calibrated phase still contains the effect of the receiver
initial phase ¢, and the effect of ionosphere in case of
an elliptic initial transmission and needs to be corrected and
separated from the hydrometeor-dependent term.

&1V

(52)

B. Phase-Polarimetric Isolation of Precipitation Phase Shift

1) Linearization of the Relative Polarization Phase: To
isolate @gp(¢) first, we linearize £ yjon2(¢) in a similar way
seen in (34). At this time, there is the additional term me/?

T 1 — pel?® — mel?
L Yiom2 = 5 +arg (1 + pei2 mej0>
p —21Im [pe/*®2 4 me?]
=3 + arctan 1 — [pei?® 1+ meif2 | (53)

We are going to consider a negligible dichroism from now on,
so that we assume p = — j tan(®Dgp/2).
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Fig. 6. Statistic distribution of the numerical condition to approximate (55)
based on realistic simulations. The histograms follow the distribution of
|p| = tan(®gp/2) according to the histogram in Fig. 2, and the numerical
condition is evaluated for two fixed values at m = O (blue area) and m = 0.1
(green area), the latter the worst case. The displayed thresholds are set at
values which give the indicated relative error committed in the approximation.

Equation (53) can be linearized provided two conditions.
The first is given as the worst case when the terms of Zy >
in (48) sum in-phase, so that

m® + |p|* +2m|p| < 1 (54)

which gives Zyjon2 & 7 /2 + arctan(2|p| cos2Qy — 2m sin )
instead of getting an exact expression as in (34), and the
second is

2(m + |p|) < 0.175,0.55 (55)

which is the small-angle approximation for arctanx =~ x
with an error lesser than 1% and 10%, respectively. Thus,
the linearization results into

L xiom2 (1) = % + cos 2Q (1) Dy () — 2m sin (1)

2

g + [1=2Q3(1)] Dap(t) — 2msin6(t)  (56)

where we can additionally apply the small-angle approxima-
tion to cos 2.

For the possible values of m and |p|, the most restrictive
condition is (55) so the values that verify it also verify (54).
The validity of the linearization according to some permitted
errors is assessed in Fig. 6. The histogram of 2(|p| + m)
considers the statistics of p according to Fig. 2, while it is
shifted by the value of m: 0 and 0.1, the latter the worst case.
Assuming the worst case of m, 97% of events present errors
<5% in the approximation of the arctangent, while this error
tolerance is practically fulfilled for the ideal case of m = 0.

2) Subtraction of the Dry Component: We can define the
“dry” component phase as those terms of the calibrated phase
with no relation to hydrometeor content. From (52) and (56)

bary (1) = harc + % — 2m sinO(t) (57)

which includes the constant terms of receiver differential phase
and the transmitter phase term 2m sin 6 (¢). Any residual effect
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of a nonperfect calibration and nonlinearity of yjon2 are also
implicitly included here.

Then, using (56) and (57), we divide the calibrated phase
profile depending on the presence of hydrometeors in a simple
way

Gary(t), t <1t (58a)
bary (1) + [1 = 2Q3(1)| Dap(0), t > 1, (58b)

which shows that the dry term has to be subtracted for the
region t > t;, where #; is the time of the ray with the tangent
point at altitude A;.

To do this, ¢qry(f) has to be extrapolated estimating the
trend of the calibrated phase for #;, < r < 1, taking
into account the smooth variation of the ionospheric rotation
angle Q(¢), responsible for the only possible time variation
along the phase profile not related to hydrometeors.

If we apply the small-angle approximation to Q(r),
the transmitter phase term of ¢qry(¢) results

¢cal(t) = {

2msin@(t) = 2m sin A cos 2Q(¢) + 2m cos A sin 2Q(t)
~ 2msin A[1 — 2Q2%(1)] + 4mcos A Q(¢). (59)

Assuming a linear variation of the rotation angle Q () = Qp+
Q't + 0(t?), (59) is converted into a second-order polynomial
as a function of ¢. Consequently, ¢4y (), which merely adds
two constant terms, is a second-order polynomial as well

Gary(t) = at® + bt + ¢, t> 1. (60)

We can set a region free of hydrometeors for an interval
[ta, tp], such that t, < t, <t < 1, < t;, where the fit of
the profile can be made and extrapolate it for r > #;. The
chosen values have been those corresponding to tangent point
heights between 18 and 70 km, which grant little influence
of the ionospheric lowest layers and avoid any high layer of
hydrometeors at any point of the trajectory.

The hydrometeor phase term that results in the subtraction
is identified as the estimator of the phase shift

Phydro(t) = el (t) — (@t + bt + ¢)
= [1 —2Q3(1)] Pap(1).

Notice that while the impact of the transmitter ellipticity is
corrected, the estimate is still dependent on the unknown value
of the rotation posttroposphere . Therefore, the larger the
rotation angle €, is, the less accurate the estimate of Pnydro
will be.

(61)
(62)

C. Dual-Frequency, Phase-Polarimetric Isolation of
Precipitation Phase Shift

In this section, the proposed method combines the phase
observables at two frequency bands, L1 and L2 or L5, to sep-
arate the ionospheric influence from the estimation of ®g4j,. The
dual-frequency method offers a chance to completely remove
the ionospheric effect and to estimate it. However, it may be
difficult to implement at the ROHP-PAZ experiment because
of lower performance of the L2 observable and cross-polar
antenna isolation.

Both ionospheric and hydrometeor parameters are
frequency-dependent. Given a couple of frequencies f1 and f>
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at L-band, on one hand, the polarimetric phase shift ®gp
validates the relationship

Dgp(f1) _ Dyp(f2)
N H

for all potentially expected ®gp and rain rates.
On the other hand, the rotation angle is proportional to f 2.
Thus, we get the relationship

L0 (f1) = L (f).

Applying the small-angle approximation to the frequency
(63) and (64), an equation system is made to estimate both
the phase shift and the rotation angle

Phyaro(f1) = [1 = 2Q3(f1)] Dap(f1)
Pryaro(f2) = - [1 — 24| Dup(f1)  (65b)

v
where v = f1/f2.
Then, the estimation for ®q,(f1) # 0 is given by

4 —
bap(fi,1) = v ¢hydro(f1,£i - ‘;‘f)hydro(fZ, t).

On the other hand, the estimation for the ionospheric
rotation angle is also obtained by

1 nyaro(fis 1) = viyaro(f2, 1) |2
2 V4¢hydro(f1, 1) — V¢hydro(f2» 1)

where its rotation sense cannot be determined but just its
absolute value.

This method assumes that, although the dispersion gives
different paths to the trajectories for the same time ¢, their
Fresnel volumes are overlapped enough not to convey mean-
ingful differences between the zones they cross. This is not
a significant limitation, since historically, the GNSS and RO
communities use a dual-frequency combination to estimate the
properties of the ionosphere, assuming this closeness of paths.

(63)

(64)

(65a)

(66)

Q(fi,1) == (67)

VII. RESULTS AND DISCUSSION

To assess the accuracy of the @, isolation, both algorithms
of Section VI have been applied to the collection of 550 RO
profiles collocated with precipitation events for a total of
~30000 detected precipitation affected rays. The input values
for the transmitter have been set as m = 0.1, equivalent to
1.8 dB of ellipticity, which is the worst case scenario expected
at the L1 band, and A varying from 0 to 7 in the intervals
of 7 /4.

Fig. 7 shows the absolute error €ups = Pgp — Cide in the
estimation of ®g,. The estimation Ci)dp is obtained using a
single-frequency observable: L1 for the left column and L2 for
the central column. The dual-frequency method described in
Section VI-C is applied on the right column to obtain an
estimation at the L1 frequency. Each row corresponds to a
different initial phase of the transmitter A. The plots are made
as a function of the posttropospheric rotation angle €, where
each dot is colored according to a scale which shows the actual
value of Dgp.

We found that the 95% of cases are contained for
Qo (fL1) < 14° (equivalently, Q> (fi2) < 22°). The remaining
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5% of cases correspond to higher and less frequent values of
the posttroposphere rotation angle €.

A. Single-Frequency Estimation

Considering the single-frequency estimation, for the major-
ity of cases, the worst deviation is less than 1.5 mm, which
is of the same order of magnitude as the expected noise.
As Q) increases, the error increases, showing an envolvent
effect of the factor cos2Q, ~ 1 — ZQ%. The plot indicates
that the highest deviations or outliers appear either by very
high precipitation events without particularly high angles (e.g.,
20 mm at 7° of rotation) or by high angles of rotation without
particularly high precipitation phase shifts (e.g., ROs points
of 6-10 mm at rotations between 20° and 25°). Almost all
significant deviations at medium or large rotation angles have
a positive value, which represents an underestimation.

For L2 band, it can be seen that, for the same distribution
of cases, the angular factor effect is amplified because of the
scaling relation between rotations [see (64)]. This worsens the
absolute error. This is particularly evident in the outliers of
some particular ROs but also in the distribution of cases with
a low rotation angle, which present larger spread. Thus, L1 is
the most suitable GNSS frequency to rely on and consider
L2 just as a complementary measurement.

In Fig. 7, there is an evidence of a dependence of the
retrieval accuracy on A. The value of A affects the residual
in the subtraction of the free-atmospheric fit of (61) and the
estimation of @nydro. We can assess this impact looking at (59),
where there is a linear combination of the rotation angle with
sin A and cos A as weights. The small-angle approximations
for sin 2Q and cos 2Q depend on cos A and sin A, respectively.
The best accuracy is obtained for A = £z /2 (equivalent to
an initially oriented ellipse of 4z /4) which only takes the
approximation cos 2Q &~ 1 — 2Q? in the fit. The small-angle
approximation is valid for larger values of Q for the cosine
than for the sine. Hence, at A = 4x /2, the fit would have a
lesser residual for both L1 and L2 ¢nyqro estimations than for
other values. This translates to a better estimation of ®gp for
a wider range of Q; values.

The majority of cases have a small rotation angle as well
as low values of ®gp. To reveal better, the distribution of the
absolute error of these cases than in Figs. 7 and 8 plots only
the 95th percentile of cases for the three frequencial scenarios
(worst 5% errors rejected). The cases are centered around zero
with the same amount of overestimation or underestimation.
To show the dispersion, the standard deviation is plotted as
cumulative error bars in the steps of 2°.

The variation of A in Fig. 8 reveals that the dispersion of
the error for the best case (A = 7 /2) is narrower than for
other cases both at L1 (left column) and L2 (central column),
in agreement to the explanation for validity of the fit. Hence,
for the worst case, at A = 0, the error bar reaches 0.07 mm for
L1 in a single-frequency estimation (0.1 mm at L.2). In com-
parison, for the best case, the dispersion starts at 0.04 mm
(0.09 mm at L2). In addition, for A = /2, the dispersion
is biased toward underestimation at both frequencies, while
cases are more evenly distributed for other values of A. These
two facts, a narrower dispersion and the underestimation bias,
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Fig. 7. Absolute error in the estimation of ®gj, in mm as a function of the posttroposphere rotation angle €. Each row has a different value of A, from 0°
to 180°, in the steps of 45°. The transmitted ellipticity applied is of 1.8 dB. (Left column) Absolute error at L1 frequency by a single-frequency estimation.
(Center column) Absolute error at L2 frequency by a single-frequency estimation. (Right column) Absolute error at L1 frequency by combining L1 and

L2 phase observables. The color of the dots indicates the actual value of ®gp, in mm.

may explain why the estimation works better than in other
cases where overestimation is more frequent. In either way,

these error levels are much smaller than the expected noise up to cm level) [7].

level of the measurement (1.5 mm at the bottom layers of the
troposphere) and expected heavy rain signatures (several mm
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Fig. 8. Distribution of the absolute error for the 95% of cases. Each row is a different value of A, from 0° to 180°, in steps of 45°. The transmitted ellipticity
is 1.8 dB. (Left column) Error at L1 frequency by a single-frequency estimation. (Center column) Error at L2 frequency by a single-frequency estimation.
(Right column) Absolute error at L1 frequency by combining L1 and L2 phase observables. The color shows the amount of cases in a logarithmic scale.
Superposed there are the cumulative standard deviations as a function of Q,, each 2°.

B. Dual-Frequency Estimation of ®gy(fL1); in this case, both observables were generated
Regarding the dual-frequency combination, the right column  under the same transmitter conditions. Thanks to the actual
in Fig. 7 illustrates the potential improvement of the estimation  correction of the Q; effect, the deviations due to either a high
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TABLE II

MEAN AND STANDARD DISTRIBUTION OF THE ABSOLUTE ERROR
(INmm). IT CORRESPONDS TO THE ENSEMBLE OF ALL THE
COMBINATIONS OF A(f1) AND A(f) AND WORST m VALUE

(I)dp(mm) €dual Odual gsingle Osingle
<15 0.005 0.151 0.013 0.084
[1.5,3) 0.011 0.196 0.055 0.166
[3,4.5) 0.023 0.268 0.123 0.295
[4.5,6) -0.021  0.347 0.236 0.459
>6 -0.007  0.324 0.327 0.672

value of phase shift at L1 or due to high values of rotation
angle are all corrected. In particular, the increase of the error
amplitude envelop as a function of Q) found in the left and
central columns disappears in the right one.

The deviations in the combined method are not completely
removed even for the coincident phases. This is due to both the
assumed error in the linear approximation and the fit residual
required to subtract the “dry” phase component. The right
column in Fig. 8 shows a reduction of the dispersion compared
with the single-frequency method, where the accumulated
standard deviation of the error goes from 0.07 to 0.05 mm
for A = 0 and from 0.04 to 0.02 mm for A = z /2. Note that
these simulations assumed A(f;) = A(f2).

Provided that we lack knowledge about the initial trans-
mission, we need to assume that the initial circular phase
shift for L1 and L2 is not necessarily the same: generally,
A(f1) # A(f2). In addition, we assume that the initial
phases are uncorrelated and randomly uniform. Under these
assumptions, we simulated all the possible combinations of
A(f1) and A(f2) with the previous values assigned to A.
We found that for every combination, the distribution of the
absolute error is centered to zero and independent on the value
of Q», just as in the example of the right column in Fig. 7.

When the values of A are different between frequencies,
there is a different dependence of the residuals at each
frequency, and the Q,-correction proposed in (66) becomes
suboptimal in terms of dispersion. The potential impact of the
unknown transmitter state into the retrieved phase errors is
summarized in Table II, which shows the mean and standard
deviations of the absolute error of estimation obtained from
the ensemble of all the combinations of A(f1) and A(f>);
therefore, these statistics show the expected bias and disper-
sion of the error on average, without knowing a priori the
initial transmitter A and made for the worst case of ellipticity.
The statistics are classified into arbitrary intervals of the actual
phase shift. For comparison, the same statistics have been
made for the single-frequency estimation at L1, using the five
plots of the left column in Fig. 7.

The mean and standard deviation for the single-frequency
method consider the underestimations made by the rotation
angle and, hence, the nonzero bias. To the contrary, this
is not present in the dual-frequency method that shows the
improvement of the estimation. The standard deviation also
accounts for those cases of high rotation, not only for those
shown in Fig. 8. Thus, it can be seen that as the phase shift
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increases, the dispersion of the estimation error also increases
for both methods, but it is higher for the single-frequency
method in agreement with the noncorrected rotation angle
effect. There are no cases where the standard deviation is
higher than the expected noise dispersion of 1.5 mm for RO
trajectories at the bottom kilometer of the troposphere.

We can conclude that the differential polarimetric
phase measurement is a valid method that overcomes
the impracticality of having full-polarimetric observables at
heights where precipitation is expected. The single-frequency
approach estimates well many events despite the lack of com-
plete separability between geophysical parameters. It presents
underestimation cases when the rotation angle increases,
yet they conform a minority of events. The dual-frequency
approach is potentially able to correct these exceptions by a
proper separation and estimation of both ®g4p, and €. The lack
of knowledge on the initial transmission phases deprives the
proposed method to be optimal for each possible RO event,
yet its performance presents a nonbiased estimation and less
dispersion than in the single-frequency approach. In addition,
the complete separation of the posttropospheric rotation angle
opens new possibilities for ionospheric-related measurements,
which are beyond the scope of this paper.

VIII. CONCLUSION

A reliable method to detect the effect of precipitation
events using polarimetric GNSS radio occultations has been
demonstrated feasibly. It relies solely on polarimetric phase
observables instead of both amplitude and phase. It has been
possible to estimate the induced phase shift term that can be
related to rain rate in tropospheric-sounding RO rays. Accord-
ingly, several potential threats affecting the measurement have
been identified.

The methodology in this paper has consisted in performing
an analysis of the end-to-end forward propagation of the
coherent electric field from a GNSS transmitter toward a
polarimetric LEO receiver. Then, the polarization changes
experimented along the path has been accounted. The impact
of several systematic effects has been assessed: the phase
shift and differential attenuation from a hydrometeor layer,
the Faraday rotation of the ionosphere, the ellipticity of a
nonideal transmission, and the receiver parameters. For those
effects of atmospheric origin, it has been considered not
only the maximum possible values but also their statistical
distribution by means of a database of colocated ROs with
precipitation-measurement satellites and using numerical mod-
els for the ionosphere and the earth’s magnetic field.

At L-band, hydrometeors essentially affect the polarimetric
phase (phase shift) that is the selected observable for the
ROHP-PAZ experiment. For an RH circular incident field,
the phase shift causes a variation in its ellipticity with an
invariant rotation of —45°. The differential attenuation could
potentially affect the phase shift, but it has been here proven
that it only causes an RH rotation of 0.2° as a maximum and
for a very few cases. Therefore, the effects of the differential
attenuation into the phase shift are deemed negligible under
the GNSS PRO conditions. In this paper, the role of horizontal
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ice crystals has not been considered due to the variability of
the magnitude of the phase shift they can provide, becoming
an extra source of uncertainty. Future studies and techniques
will have to deal with the effect of possibly integrated ice
clouds from the integrated precipitation path.

The method here developed relies on several assumptions
that have been demonstrated statistically valid. In the first
place, the ionospheric rotation effect is significant at L-band,
yet the collocation and simulation exercise proved that its
expected range of values for a moderate activity of the
ionosphere allow small-angle approximations. These approxi-
mations have also been proven valid for the raindrop-induced
phase shift.

In the second place, the ellipticity in the GNSS transmission
has been considered. Its effect is comparable to that of the
hydrometeors in the circular relative phase of the field. How-
ever, the sum of both terms still allows a linear approximation
to the measured polarimetric differential phase for a 97% of
potential cases with a relative error of <5%. This feature
permits to develop a simple correction of transmitter-based
effects.

Finally, for rays below 100 km (tangent point height ref-
erence), we proved statistically feasible to assume a smooth
variation of the vertical profile of the integrated rotation angle.
This feature enables a polynomial fit of the differential phase
in a hydrometeor-free region as a simple method to separate
the hydrometeor-based phase contribution from the rest of
effects.

The impact of an unknown initial orientation for a nonpurely
RHCP transmission has been explicitly studied. It has been
observed that the best estimation of the phase shift happens
at A = +x/2 and the worst at A = 0, £x. However,
the statistics demonstrate that all its possible values fit into
a second-order profile for the observable phase, and hence,
the method is suitable for all cases.

The linear approximation of the differential polarimetric
phase allows the correction of most of the effects but cannot
separate completely the impact of the posttropospheric Fara-
day rotation, which remains as the most influential parameter
after phase-correction procedures. To completely separate its
effect, a second frequency observable has been proposed using
both L1 and L2 bands. The simulations have shown that
the dual method has the potential to separate effectively the
phase shift, improving the deviations found in the estimation
using the single-frequency method under the presence of
high Faraday rotation angles. The unknown values of both
initial phases (A at L1 and L2) in the transmission cause an
estimation dispersion of just 0.3 mm on average, for those
cases of ®gp > 6 mm, considered the most relevant for rain
detectability, which is fairly below the expected sensitivity
limitation caused by the noise, around 1.5 mm.

The relatively simple methodology on the ray tracing for
the RO trajectories may hide some unexpected effect. In this
regard, only actual data will determine the validity of the
model approximation in this paper. There is the possibility
of including in the future additional methods of analysis such
as radio holograms on each polarization to discern factors such
as the multipath, which may open new research opportunities.
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In the same line of thought, the averaged models for the
ionosphere modeling may underestimate the relative frequency
of extreme rotation angle values, which is still presumably
lower than the moderate values. Short-term ionosphere models
should clarify the role of the rotations more than in their
current state, and new methods should handle these events
to detect and correct them when present.

Other aspects to consider in the future are related to the
improvement of the correction fit and to develop new proce-
dures to extract information about the transmitter parameters.
Some aspects out of the scope of this paper are the cross
polarization by mean canting angles or the effect of the canting
variance, which should have a potential influence in scenarios
other than windless rain. The role of ice crystals in the
polarimetric signature has to be characterized and separated
from the precipitation, potentially using the additional infor-
mation provided by the GNSS RO measurement itself (e.g.,
temperature) or by other sources. In addition, it has been hinted
that the posttropospheric rotation angle can be estimated by
the dual-frequency method, and this allows new possibilities
of ionospheric sounding as a complementary feature of the
GNSS PRO technique.
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