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Space-Based Radar Polarimetry, Demythologized

R K Raney, 2kR-LLC

ABSTRACT

Ten fundamental polarimetric principles sufficient to characterize a quasi-
monochromatic electro-magnetic field are presented. Although many of these
may be familiar to readers, when collected together as an ordered set, they
expose the inherent elegant simplicity that undergirds space-based radar
polarimetry. Selected consequences are summarized. Appendices are included,
one that reviews theoretical foundations that justify the claims made in the
principles, and a second that briefly comments on traditional quad-pol radar
polarimetry. The novel approach in Appendix I to normalization of polarimetric
child parameters reveals simple proofs for several of the key principles.

1. Introduction

The polarization properties of a quasi-monochromatic electromagnetic field have
been formally characterized for more than two centuries [Born and Wolf 1959,
pp xx, xxi]. Pivotal theoretical progress was made during the 19th century
[Fresnel 1821; Stokes 1852; Maxwell 1865; Poincaré 1892]. Popular textbooks
explain and elaborate on that background [Jenkins and White 1957; Hecht
1987]. Polarimetric measurements have been central to advances in radio astron-
omy [Cohen 1958] and radar astronomy [Green 1968, Tinbergen 1996] among
several other disciplines. Following four decades of elementary dual-polarized
imaging radar remote sensing experience [Henderson and Lewis 1998, Ch 5], a
fully-polarimetric imaging implementation was introduced for synthetic aper-
ture radar (SAR) [vanZyl et al. 1987] which was a seismic-scale contribution.

Fully-polarimetric SAR—or, to use the common terminology, quad-pol SAR—
requires measurement of all four Sinclair scattering matrix elements [Emmons
and Alexander 1983]. From those data, mathematical methods are applied to
retrieve polarimetric characterizations of the observed scene [Cloude and Pot-
tier 1996]. In spite of the impressive theoretical methodology and applications
success of this technology, there are two unfortunate consequences: (1) The
quad-pol SAR approach is perceived—incorrectly—by many in the broader pro-
fessional community to be the only way to evaluate the full polarimetric char-
acteristics of an observed scene [Raney 2021]; and (2) When implemented in
a space-based system, the operational utility of data from a quad-pol SAR is
seriously limited [Charbonneau et al. 2010, Brisco et al. 2020].

In contrast to the default quad-pol paradigm for space-based radar polarimetry,
there is an alternative and much simpler approach based on fundamental prin-
ciples that is well-suited to large-scale operational applications. After reading
the opening sections of this paper, a knowledgeable person could be moved to
observe—correctly—that most of these principles may be found (explicitly or
implicitly) in the vast polarimetric literature. Those key principles—at least in
the experience of this writer—never have been brought together as a compact
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logical set. When so assembled, they reveal significant insights.

The first section of the paper presents ten polarimetric principles, arranged
in an ordered sequence in which the progression builds on preceding points.
Each principle should be obvious in its context, readily supported by the cited
references1. The section that follows comments on the consequences of those ten
principles, taken as a whole. Conclusions are offered. The paper includes two
Appendices, one that summarizes selected mathematical frameworks supporting
the principles, while the second is a brief perspective on quad-pol radar.

2. Ten Essential Elementary Principles

2.1. Power
All quasi-monochromatic electromagnetic (EM) fields are comprised of two
types of constituents, polarized or unpolarized [Jenkins and White 1957; Born
and Wolf 1959]. Total (avg) power I0—power scaling—and degree of polar-
ization m—polarized (avg) power allocation—are key interpretive parameters
[Wolf 1959; Green 1968].

2.2. Polarimetric ellipticity
All polarized constituents are either linear or circular [Appendix I], which in
general combine as a vector sum producing an elliptically polarized EM field (Fig
1). The distribution between these two classes of constituents, the magnitude
|𝑠𝑖𝑛2𝜒|—ellipticity—is a key parameter.

Fig. 1: Polarization ellipse & Poincaré angular variables of
the polarized constituents of an EM field2

2.3. Sense of circularity
1While this is a review paper, it includes a useful innovation, summarized in principle ix.
2https://www.nrcan.gc.ca/maps-tools-and-publications/satellite- imagery-and-air-

photos/satellite-imagery-products/educational-resources/tutorial-radar-polarimetry/the-
polarization-ellipse/9575
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The sense of circularity is reversed with each bounce (each individual reflec-
tion3), eventually contributing to the observed EM field [Jenkins and White
1957; Green 1968]. The +/- sign of the ellipticity—the R- or L-handed sense of
circularity—is a key interpretive parameter [Green 1968; Freeman and Durden
1998; Ostro 2002; Spudis 2013].

2.4. Three-color rationale
All backscatter is odd- or even-bounce polarized, or unpolarized [Appendix I].
Hence three primary colors are sufficient to convey nearly all polarimetric in-
formation from an observed scene. The corresponding color wheel may be cal-
ibrated to quantify combinations of these three backscatter classes. (NB: The
total power scaling value is also needed. The angle of the dominant linearly
polarized constituent [Appendix I] is not included in such three-color schemes,
although as may be required it is retrievable from knowledge of the Stokes
parameters).

2.5. Stokes parameters
Four thoughtfully chosen numbers—the Stokes parameters for example [Stokes
1852; Jenkins and White 1957; Born and Wolf 1959; Hecht 1987]—are necessary
and sufficient to fully characterize the polarimetric properties of a partially
polarized EM field. Claims to the contrary are false.

2.6. Basis pairs
A quasi-monochromatic partially polarized EM field may be fully characterized
by a pair of orthogonally polarized measurements. The Stokes parameters’ mea-
sured values do not depend on the specific basis pair with which the EM field
is observed [Stokes 1852; Jenkins and White 1957; Born and Wolf 1959]. In
response to an active system, the observed EM field’s polarization properties
depend on the polarization of the transmitted illuminating field.

2.7. Measurement
For a quasi-monochromatic EM field, the Stokes parameters may be evalu-
ated by a coherent dual-polarized observing receiver. “Dual-polarized” requires
two orthogonally polarized receive channels (each measuring its averaged sig-
nal power), and “coherent” implies measurement of the cross-product of those
two signals (the average power of the real and the imaginary parts respectively)
[Stokes 1852; Wolf 1954; Jenkins and White 1957; Green 1968; Hecht 1987; Yueh
1997; Robishaw and Heiles 2018]. Those measurements are an example of four
numbers—while not themselves Stokes parameters—that are sufficient to fully
convey the polarimetric properties of an observed EM field.

2.8. Four canonic parameters
3Circularity reversal upon reflection is the default condition. When considered in detail,

reflection properties of an individual EM ray should take into consideration the applicable
incident angles and material dielectric properties.

3

https://agupubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Spudis%2C+P+D


The Stokes parameter measurements can be used to evaluate four canonic pa-
rameters [Appendix I], where canonic in this context means that the value
of each new parameter depends on only one independent variable. The first
two canonic parameters denote powers, total I0 and polarized mI0 (magnitude
scaling and polarized allocation respectively). The other two are the Poincaré
angular variables chi (𝜒) and psi (𝜓) [Hecht 1987] (as visualized in Fig 1, after
normalization by mI0, after which

a2 + b2 =1).

2.9. Polarimetric child parameters
Normalization by polarimetric (avg) power mI0—in place of the total (avg)
power I0 (which for decades has been the accepted method in radio and radar
astronomy)—leads to a canonic circular polarization ratio, revelation of funda-
mental polarimetric relationships, and the m-chi feature classification algorithm
[Appendix I].

2.10. Classification methodology
Stokes-based classifications of an observed EM field are determined by physics;
no model, symmetry, or reciprocity arguments are required [Born and Wolf 1959;
Carter et al. 2004; Raney et al. 2012]. This “hands off” “model-free” method
is applicable to a wide variety of applications.

3. Consequences

3.1. Polarimetric portraits
A scene’s polarimetric portrait [Raney 2021] may be generated from its observed
EM field if and only if the scene is illuminated by balanced polarization, which is
the essential property of an EM field to assure that it has uniform distribution
of all linearly polarized constituents. Circular polarization by a radar (or a
navigation satellite) satisfies that requirement. In practice, the transmitted field
may be elliptically polarized rather than perfectly circularly polarized. This is
acceptable once the polarimetric ellipticity has been determined during system
calibration.

The conventional quad-pol precedent is to use two interleaved orthogonal polar-
izations (usually implemented with linearly polarized fields such as H and V).
The quad-pol approach achieves polarimetric balance of the illuminating EM
field, but at the cost of doubling the rate of transmission [Appendix II].

In general, useful multi-purpose polarimetric information cannot be retrieved
from a scene that is illuminated by a single linearly polarized EM field, no
matter its orientation. In specialized applications however, such as weather
radar, transmission of a linearly polarized field at 45o orientation with respect
to horizontal (known as the slant mode in that application) provides valuable
information on hydro-meteors [Bringi and Zrnic, 2019].

3.2. Hybrid Astronomical Radar Polarimeter
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A radar astronomical observatory such as the Arecibo Radio Telescope (1964-
2020) transmits circular polarization. The backscattered signals are received
on two mutually coherent orthogonal channels, usually circularly polarized at
the same and opposite sense with respect to the transmitted field, although
any pair of orthogonally polarized received constituents would serve the same
purpose [Green 1968; Ostro 2002; Raney 2007]. The first two imaging radars in
orbit at the Moon—Chandrayaan-1 and LRO [Raney et al. 2011; Misra 2012,
Spudis et al. 2013]—were essentially miniaturized embodiments of a conven-
tional radar astronomical instrument. For miniaturized versions of the same
architecture, the generic terminology Hybrid Astronomical Radar Polarimeter
(HARP) is suggested. Chandrayaan-2 (launched in 2019) is equipped with both
quad-pol and HARP modes; it is providing data sufficient to compare the lu-
nar geophysical characterization performance of both polarimetric architectures
[Bhogapurapu et al. 2021].

3.3. Image classification
Classical radar astronomical image characterization is based on the Stokes pa-
rameters, often exploiting child parameters [Appendix I] that serve to reveal
selected geophysical properties of the observed scene. The same technique has
proven to be effective when applied to data from a HARP-class system for a
variety of lunar and terrestrial studies [Carter et al. 2004; Brisco et al. 2020].
Note that conventional quad-pol decompositions [Cloude and Pottier 1996; Mor-
eira et al. 2013] should not be trusted for data collected by a dual-polarized
receiver in response to circularly polarized transmissions because only two of
the required four scattering matrix element values are known from such mea-
surements, and those two are hybrid parameters, hence the two cross-polarized
elements are not symmetric [Emmons and Alexander 1983].

3.4. Calibration
The radar astronomical model—transmitting one circular polarization while
receiving (coherently) two orthogonal polarizations such as H and V—is con-
strained to work with the polarity of the EM field that is actually radiated, no
matter its imperfections [Brisco 2020]. Since perfectly circularly polarized trans-
mitted EM fields are unlikely to be realized in practice, effective calibration is
an essential part of any mission that embodies a hybrid astronomical (dual-pol)
radar polarimeter. For this class of radar, calibration should be comprised of two
steps: 1st assure that the receiver channels are compensated (within the post-
reception signal processor) to be orthogonal, of equal gain, and co-phase; then
2nd to characterize the transmitted polarimetric EM field sufficiently so that
it becomes the reference against which polarization deviations in the observed
backscatter (relative to that which was transmitted) may be interpreted. The
first step requires observation of an external reference source of known polarity
[McKerracher et al. 2010] from which the compensation algorithms and param-
eter values may be determined (standard practice in radio science). For such a
radar, any calibration method that is based on knowledge of and corrections to
the scattering matrix is destined to fail.
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4. Conclusions

Radar polarimetry is a simple concept, a fact that is obscured by quad-pol en-
thusiasts. Ten fundamental principles capture the essential features of radar po-
larimetry. Those principles include the fact that only four numbers (the Stokes
parameters for example) are sufficient to fully describe the partially polarized
properties of an observed scene (whose EM emanations are either passive radia-
tion, or reflections in response to active illumination). Those four numbers can
be evaluated (without approximation or symmetry assumptions) by an efficient
(coherent) dual-pol-on-receiver, be that system either a radar or a radiometer
[Raney 2021]. On closer consideration space-based polarimetry gets even sim-
pler.

The Stokes parameter values once measured may be used to evaluate a new
set of numbers, the four canonic components of the Poincaré Stokes parameter
analytic expressions. Of these, two describe allocation of power (total and po-
larized), while the other two characterize the (power-normalized) polarimetric
portion of the observed scene. Yes, two numbers—not 16 [Appendix II], just
the two Poincaré angular variables—are necessary and sufficient to describe
the polarized constituents. Only one of those two numbers—chi—is of 1st-order
importance in response to circularly polarized transmissions.

APPENDIX I: Formal Foundations

AI.1. Stokes parameters
The Stokes parameters are comprised of a set of four numbers. Although their
notation takes various forms, their order and respective meanings are invariant
with nomenclature. In the following we use

Io Total power (unpolarized signal, polarized signal, and additive noise)

Q Three independent variables: degree of linearity, polarized power, and orien-
tation of linear pol

U Three independent variables: degree of linearity, polarized power, and orien-
tation of linear pol

V Two independent variables: degree of circularity, and polarized power

Total power includes all constituents, while the other three apply exclusively to
the polarized constituents. All four Stokes parameters are real numbers.

AI.2. Stokes parameters—measurement
The value of each parameter may be determined by a dual-polarized receiving
instrument [Born and Wolf 1959; Boerner et al. 1998], evaluated by (averaged)
sums or differences of observable power-domain measurements. In each case
there is only one real number determined for each parameter; each value is
independent of the particular pair of orthogonal polarimetric constituents used
for the measurement. However, the applicable evaluation formulae depend on
the choice of orthogonal polarizations used when observing the received signals.
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The backscattered EM field observed by a radar is quasi-monochromatic, in-
cluding both polarized and unpolarized constituents, for which the total power
(albedo) 𝐼0 is

𝐼0 = 𝐼𝑈 + 𝐼𝑃 (1)

comprised of the sum of the unpolarized power 𝐼𝑈 and the polarized power 𝐼𝑃 .
These numbers describe the allocation of power between those two basic classes.
The polarized power is equal to the root sum of the squares of the polarized
constituents

𝐼𝑃 = (𝑄2 + 𝑈2 + 𝑉 2)
1/2

(2)

The unpolarized power 𝐼𝑈 includes all uncorrelated contributions, including in
particular the system’s additive noise along with the unpolarized backscatter
constituents.

From these powers, the observed EM field’s degree of polarization m may be
determined

m = (𝑄2+𝑈2+𝑉 2)
1/2

𝐼0
, (0 ≤ 𝑚 ≤ 1) (3)

which is a parameter of fundamental importance in image characterization [Wolf
1959]. It follows that the polarized portion 𝐼𝑃 and unpolarized portion 𝐼𝑈 of
total power 𝐼0 are given respectively by

𝐼𝑃 = 𝑚𝐼0 and 𝐼𝑈 = (1 − 𝑚)𝐼0 (4)

where 𝐼0 is the observable.

AI.3. Poincaré Stokes parameters
The measurable Stokes parameters are evaluated according to applicable formu-
las that rely on directly observable variables. In contrast, the four Poincaré
Stokes parameters [Poincaré 1892, Hecht 1987] include two that are directly ob-
servable, while the other two require further calculation. Of the two powers, one
is directly observable, and the other may be deduced (Eqns 3 and 4). The other
two parameters are trigonometric, which are not directly observable quantities.
They describe the shape of the observed EM field’s polarimetric ellipse (Fig 1).

Traditional practice includes normalizing the expressions to minimize (or to
remove entirely) the appearance of the power parameters. That practice is
unfortunate, as the allocation of power between the polarized and unpolarized
constituents is fundamental to the complete polarimetric characterization of an
EM field. The Poincaré variable expressions (Fig 1) including powers [Hecht
1987] are

I0 = I0 (5)

Q = m I0 cos 2� cos 2� (6)

U = m I0 sin 2� cos 2� (7)
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V = m I0 sin 2� (8)

These expressions are used to advantage in the following discussions.

AI.4. Child parameters—traditional total power normalization
Retrievals of specific types of information conveyed by the Stokes parameters
are accessed through child parameters [Green 1968; Ostro 2002]. Important
examples include:

𝑚𝑙 = √𝑄2+𝑈2

𝐼0
, (0 ≤ 𝑚𝑙 ≤ 1) Degree of linear polarization (9)

𝑚𝑐 = 𝑉
𝐼0

, (−1 ≤ 𝑚𝑐 ≤ 1) Degree of circular polarization (10)

CPR = 𝐼0+ 𝑉
𝐼0− 𝑉 = 1+ 𝑉 /𝐼0

1− 𝑉 /𝐼0
Circular Polarization Ratio4 (11)

These traditional child parameter expressions are power-normalized. Over the
past several decades conventional practice has been to normalize by the total
power 𝐼0. Normalization by total intensity I0 (which includes noise and unpo-
larized signal constituents) introduces uncertainty, compromises sensitivity, and
obscures the underlying physics. We are interested in the information conveyed
by the polarized constituents. That suggests that something could be gained
through normalization instead by the polarized power 𝐼𝑃 .

AI.5. Child parameters—innovative polarimetric power normaliza-
tion
Polarimetric characterization is the objective. After 𝐼𝑃 normalization—
expressed in terms of the Poincaré variable chi (𝜒) (Fig 1 and Eqns 5 – 8)—the
child parameters are elegant; simple and transparent:

𝑚Pl = √𝑄2+𝑈2

𝐼𝑃
= cos 2𝜒 , (0 ≤ 𝑚Pl ≤ 1) Polarimetric Degree of linear

polarization (12)

𝑚Pc = 𝑉
𝐼𝑃

= sin 2𝜒 , (−1 ≤ 𝑚Pc ≤ 1) Polarimetric Degree of circular
polarization (13)

CPR𝑃 = 1+ 𝑚Pc
1− 𝑚Pc

= 1+ sin 2𝜒
1− sin 2𝜒 Polarimetric Circular Polarization Ratio (14)

The sign of 𝑚Pc indicates odd- vs even-bounce constituents.

AI.6. Canonic Polarimetric Parameters
In distinct contrast to the conventional multi-variable Stokes parameters de-
scribed in the opening paragraph of this Appendix, the Poincaré expressions
embody a new set of four numbers that are sufficient to fully describe the char-
acteristics of an observed partially-polarized EM field. Those numbers are:

4The +/- signs in the CPR depend on the circularity handedness of the transmitted EM
field. To accommodate the potential ambiguous signage, the usual notation in radar astronomy
is SC/OC, referring to the “same sense” (SC) of circular polarization as that which was
transmitted, divided by the “opposite sense” (OC), as the expected and usually the stronger
return is at the opposite sense as that which was transmitted.
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Io Total power

m Polarized power allocation factor

chi (𝜒) Determines degree of circularity and exposes even/odd bounce heritage

psi (𝜓) Orientation of dominant linear polarization

These numbers have the great advantage that they are canonic, in the sense
that each has only one independent variable. One consequence is that feature
characterization ambiguity is minimized, since there is no possibility of cross-talk
between the parameters, in contrast to conventional Stokes-based retrievals.

AI.7. Physical Insights
The polarimetric child parameters (Eqns 12, 13) are sufficient to prove basic
properties of a partially polarized quasi-monochromatic EM field.

Since the polarimetric degree of circularity must be either positive or negative,

𝑚Pc = sin 2𝜒 , (−1 ≤ 𝑚Pc ≤ 1) (15)

shows that all polarized constituents may be characterized by either an odd- or
even-bounce heritage.

Since conservation of energy applies to the polarized portion of the EM field,

𝑚2
Pl + 𝑚2

Pc = 1 (16)

shows that all polarimetric fields are blends of linearly and circularly polarized
constituents.

The conservation of energy principle (Eqn 16) may be rearranged

𝑚Pl = (1 − 𝑚2
Pc)1/2 (17)

to show that (i) the polarimetric degrees of circularity and linearity are comple-
mentary, and (ii) the polarimetric degree of circularity may be used to evaluate
the polarimetric degree of linearity. From this expression, it follows that there
is only one number—𝑚Pc—that is the key to describing the polarimetric char-
acteristics of an observed EM field. NB: It does not work the other way around,
since 𝑚Pl cannot be negative, in contrast to 𝑚Pc which may be either positive
or negative.

These results may be taken one step further. Of the four canonic Stokes-derived
variables—under the umbrella of the observed EM field’s total power Io—the
dominant polarimetric characteristics of the field may by captured by only two
parameters, the degree of polarization m, and the Poincare ellipticity angular
parameter chi (𝜒). (For more on the m-chi classification algorithm, see [Raney
et al., 2012].) The angle 𝜓 of the dominant linearly polarized constituent may
be readily calculated from U/Q (Eqns 6, 7).

APPENDIX II: A Brief on Quadrature Polarimetry
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A conventional “fully-polarimetric” polarimeter (and its supporting method-
ology) measures the four (complex) numbers that comprise the 2x2 (Sinclair)
scattering matrix—eight real numbers [vanZyl et al. 1987]. Subsequent analyses
[Cloude and Pottier 1996] are usually based on coherence or covariance 4x4 ma-
trices whose 16 elements expose the (averaged) pairwise statistical relationships
between the scattering matrix elements.

Measuring all four scattering matrix elements requires interleaved orthogonally
polarized transmissions [Burkowitz 1965, p 565; Emmons and Alexander 1983]
which means twice as many transmitted pulses per unit time, thus twice as much
received data per pixel when compared to a dual-polarized radar that transmits
only one polarization. That requirement must be satisfied while respecting the
Nyquist sampling rate of the radar [McDonough and Curlander 1992], which is a
serious constraint for an orbital system. To satisfy that constraint, the available
time between transmissions is reduced by a factor of two which shrinks range
coverage by one-half, and it also reduces the total available operation time by
another factor of one-half due to spacecraft power constraints. (Alternatively,
dynamic digital beam-forming techniques could be exploited to mitigate the
range coverage constraint for systems configured to support such a capability
[Moreira et al 2013].) Together the range and duration reductions constrict an
orbital quad-pol radar’s potential area coverage to be less than one quarter of
that of the same instrument’s (dual-polarized) strip-map mode, while doubling
the per pixel end-to-end data load, all undesirable attributes for a space mission
where power and data capacity are precious limited resources.

Standard quad-pol analysis methodologies reduce the fully-polarimetric 4x4
array—by symmetry and reciprocity arguments—to a 3x3 array [Dubois and
Norikane 1987]. Decomposition schemes—of which there are numerous exam-
ples having varying degrees of effectiveness5—are used to deduce from the input
matrix a smaller set of real numbers intended to expose the polarimetric char-
acteristics of the observed scene.

The (averaged) cross-correlations of the scattering matrix elements convey in-
formation only about the polarized constituents since the corresponding compo-
nents of unpolarized backscatter (and additive noise) are not correlated [Cloude
and Pottier 1996; Boerner et al. 1998]. It follows that matrix decomposition
schemes must reintroduce the allocation of power between the polarized and
unpolarized constituents—a key parameter—somehow after the fact.
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