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A Hybrid Experimental/Theoretical
Scattering Model for Dense Random Media

John R. KendraMember, IEEE and Kamal Saraband§enior Member, IEEE

Abstract—The subject of scattering of electromagnetic waves by form that snowpacks can often—or even usually—take. There
dense media has been one of intense interest in recent years. Theyre of course theoretical techniques that could be applied
present paper describes polarimetric backscatter measurements to such cases; these are field-based techniques in which the

made at Ku-band on layers of a dense medium under very di is d ibed fluctuating dielectri tant. T
carefully controlled circumstances. The experiments have a dual medium IS described as a fuctualing dielectric constant. 10

purpose: 1) to evaluate the degree to which the experimental Obtain a solution, the Born approximation or the distorted
observations are predicted by theoretical, particle-based, random Born approximation is usually applied. In practice, however,
media models and 2) to test a proposed hybrid model by which ajthough some studies have investigated this technique [3],
the scattering and extinction properties of a dense medium he particular material characteristic that is required as an
are characterized experimentally, allowing future modeling of . - . . . .

the polarimetric response for any arbitrary configuration of m_p_Ut’ thecorre_latlon functionof the mgdlum, '_S exceedingly
the medium. The hybrid model assumes that first-order vec- difficult to obtain. The standard technique for its measurement
tor radiative transfer (RT) is a suitable theoretical structure, is the “thin sections” technique. In this technique [3], [4],
providing that the extinction and phase matrix components are g supercooled liquid is allowed to fill the pore spaces of a
appropriately specified; the specification is accomplished through gy sample. After freezing the samples, they are shaved on
an inversion algorithm involving polarimetric backscatter mea- . . .

surements. The major conclusions of the study are the following: a_ m'_crmome’ pollshed, .treated with a contrast enhancgr, and

1) hybrid model is an adequate description of the dense digitized. Not only is this a very arduou; process, but it has

medium scattering behavior; been recently shown [5] that the correlation function must be

2) conventional RT appears to give a reasonable estimate of known with high accuracy, including its tail region, to obtain

the observed radar response, but dense medium RT gives gccurate prediction of scattering; that is, it is not sufficient
a very low estimate; . . to know that the function approximates, say, a Gaussian or
3) phase function of the effective volume scattering element . . B .
of the medium, obtainedvia the hybrid model, suggests a exponential fur}ctlon. In addition to .thesg obstacles, it is also
larger effective scatterer than the physical ones. true that the distorted Born approximation does not account
for multiple scattering of the incoherent wave [6].

Apart from the theoretical approaches addressed above,
purely empirical approaches may be considered; these, how-
ever, have the obvious limitation that the entire parameter

. INTRODUCTION space of the target cannot be sufficiently well known to allow

VIDENCE has recently been presented [1], [2] whiclgstimation of more specific target properties.

suggests that existing partic|e-based theories are inadeJo circumvent the difficulties associated with the above-
quate for modeling very dense random media. This raises fhentioned techniques and to offer some means by which
very fundamental question of what recourse exists for simgalistic modeling of dense media might be accomplished,
lating the effects of a dense medium, for example, for the cagenew hybrid experimental/theoretical modeling scheme is
of a snow layer over sea ice or on a forest floor. The ability #6troduced in this paper. In the sections that follow, we will
generate realistic predictions is an essential prerequisite to &@pcribe the hybrid model and address its validity with actual
scheme for retrieving physical characteristics about a targilarimetric backscatter measurements on a dense medium.
from remotely sensed data. The measured results will also be compared with certain

If the behavior of densely packed discrete particles fliscrete particle-based random media theories.
difficult to model, it is evident that the issue is only ex-
acerbated when dealing with materials of a very complex
physical character, for example, the amorphous interconnected Il. HYBRID MODEL CONCEPT

The hybrid model involves two major assumptions. The first
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where I is the 4 x 1 Stokes vectork. is the 4 x 4
extinction matrix, and” is the 4 x 4 phase matrix. The \ \\ \\ \
phase and extinction matrices for a medium may be for-\ \

N

mulated in terms of the characteristics of a single particle

if the medium consists of uniform particles or a weighted

average of the individual characteristics of various particles

if the medium is heterogeneous [7]. This type of formulation,

known asconventionakadiative transfer (CRT), contains two

simplifying assumptions: 1) that all particles are in the far-

field of one another and 2) that the particle positions are

completely uncorrelated with one another, thereby eliminating

any coherence effects. Fig. 1. First-order volume scattering mechanisms in a layer of scatterers.
It has also been shown [8] that for Rayleigh particles, a

rigorous field-based approach to scattering in a dense mediypa o

where particle correlations are considered and exact wave

. /
transformations from one particle to another are employed, _1= eXp(_2’;"€d/ Fo) (5)
yields a solution that may be couched in exactly the same form 26 /1)
as (1). It was found from this analysis that the phase function L = exp(2kcd/ ) (6)

is the Rayleigh phase function, similar to CRT. However h is th tincti | tit 7, d
the scale of the phase function, which is provided by t €re re 1S the extinction _(a scaiar quantity) ard,, an
scattering albedo, and the extinction differ from CRT. Thus,” are thebackscatterand bistatic components of the phase

e assumpton tat such an eqatondescres e mecnalif [osPectvent, 3T e e especte resne
is reasonable, although it has not been shown to hold 1§ Y Y

o . : .
the case of a rigorous field-based analysisnofrRayleigh S! y_propagatmg in medium tovyard med|u_mg, andys, is the
particles [9]. cosine of the refracted angle in the medium.

We have already mentioned above studies in which evidenceThe four scattering mechanisms described by (4) are shown

is provided suggesting that the available techniques by whi%F'g' 1. The scattering event depicted in terms (A) and (B)

k. and P are computed do not appear to be adequa re associated with the backscatter component of the phase
Irf addition, for complex or amorphous materials, in Whic%nction?’bg;terms (C) and (D) are associated with the bistatic

a “particle” cannot be unambiguously identified, it is noi;omponent of the phase functio,;. In the figure, we have

possible to formulate these quantities. Therefore, in the presg‘ﬁ?nnonally represented the scattering elements as clusters to

hybrid model, no attempt is made to specify them bas& der.score t.he point Fhat, in this treajtment, we are considering
effectiveparticles, which may comprise correlated groups of

on the physical characteristics of the medium. Instead, . a,. " . . . .
direct measurement process will be carried out, effective'l?/d“”dual physical particles and/or multiple scattering effects.
interrogating the medium, and from these measurements, an
inversion process will be used to retriexg and P. IIl. RAYLEIGH MODEL FOR PHASE
In order to make this approach tractable, a second major AND EXTINCTION MATRICES
assumption is required, which is that, not only does RT apply, In this section, we examine, as an aid to inversion of
but that thefirst-order evaluation of it is sufficient. The first- the hybrid model, the essential character of the extinction
order solution to the RT equation for the case of an isotropigatrix e, and the two components of the phase matrix
layer with smooth surfaces above and below has been derivied and 7,;, for the special case of scattering by a layer of
in [7]. For Rayleigh particles. This scenario corresponds to the isotropic
‘ case mentioned above, in whiak, and P,, are constant
T°(1e0) = Lon{pio)T{(—pio) (2) matrices, butP; is a function of angle.

The analysis is motivated by the intuition that the number

where £,,, is transformation matrix related to the Muellerof measurements required and the complexity of the ensuing

matrix M [7] by inversion operation could be reduced through knowledge of
the general form of the unknown matrices; that is, knowledge
_ 1 of which elements are nonzero, which are independent, and
Ly = M (3) _
Acosb; the nature of the dependencies between elements.

_ o . o As a starting point, we consider the effective particles of
whereA is the illuminated area arﬁj is the angle of |nC|dence, the |ayer (aS depicted in F|g 1) to be Ray|e|gh partic]es_ As

we have we will show in the following sections, this will allow us
1 d to derive symbolically the specific mathematical structure of
Lo (o) =— To1 | YR23PpsRasz + fRQ?’PM the quantities of interest—the extinction matrix and certain
Ho

components of the phase matrix consistent with a first-order

d
4+ —PuiRas +vPus | 712 4) 1The analysis begins with the most general case of a matrix extinction, as
L derived in [10].
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approach—in terms of the elements of thaarizability tensor The form of D in local coordinates is transformed from
of the particles. This derivation follows closely that found irthat in global coordinatesZ{) through the application of
[11], except that in that case only symmetric particles weteansformation matrices involving the Eulerian rotation angles
considered, whereas, in the present case, no assumptionscarg, and~ (see, for example, [14, pp. 158-160])

made about the particle’s symmetry properties.
P y Y prop D=A".D . A (14)

A. Rayleigh Theory: Scattering Matrix Element Representatioh. ...« the elements of the 3 3 transformation matrixd are
For particles with small dimensions relative to the wavearigonometric functions ofy, 3, and~, e.g.,

length, scattering may be described in terms of a polarizability ) )
tensor. A scattered electric field vector is given by [12] aip = cosvycos feos o — sinysin o

S . a12 = cos-ycos Bsina + sin-y cos o
ES:WCZ “"Ks X Ks X p (7) @12 = —cosysin 3
where k, is the unit vector in the direction of propagation : (15)

of the scattered wave angl is the induced dipole moment o .
determined from the solution of the Laplace equation. If theherefore, for each element @1, the polarizability tensor in
induced dipole momeni®.., p,, p-) are derived fo(%,¥,z) local coordinates is

polarized incident fields, the scattered field may be expressed 3
as dij = (AT . D . = > (Gmittng) dppye- (16)
2 . ~ ~ . m,n=1
E = 2P ikerk x k, x (D-EY) (8)
47 It is seen from (16) that the symmetry property Bf is

where D is the 3 x 3 polarizability tensor, having as itspreserved across a coordinate transformation.
columns the vectorp., p,, andp., andE’ is the incident  For extinction, the quantitys,,,) is computed in the forward
field vector [E,, E,, E.]". The polarizability tensorD is direction only. Because of the assumption of classical RT that
a function of the geometry and dielectric constant of thge positions of particles are uncorrelatéd,,,) will be zero
Rayleigh particle. In generalp will be a function of the for every direction but forward scattering.
orientation of the particle. Since we have assumed there is no orientation dependence,

Since we can assign the simplest possible forms to the vertical
,  ciher ; and horizontal polarization vectors, incident and scattered,
E = , S-E ©®)  and computgSy,,) from (13). Considering an incident direc-
where tion along the positivez-axis, using the forward scattering

convention (FSA) [7], we have,
S _ <S S’Uh)

10 . R
Shz Shh ( ) hz = [0 1 O]T = hs

it can be shown [13] that the scattering matrix elements Vi=[00-1]" =+, a7
corresponding to the scattered polarizatfgnand the incident ) ) ]

polarizationg; such thatp, € {v,,h,} andq; € {¥,;,h;} are  gnoring the factork;/4x and applying (13)

given by

) (Svw) = (ds3)
Sp = 32 e (D 4) (12) (S} = (d22)
" (Sn) = —(dbs)
B. Derivation of Extinction and Phase Matrix Elements (Sun) = —(d5y) = —(d)3). (18)
The extinction and phase matrix elements are expres§_er% m (16)
in terms of the ensemble-averaged quantiti€s,) [10] and
(SpeSt.n) [7], respectively. In this section, we present the 2 2w 3
derivation of the forms of these elements in terms of the / / / Z
elements of the polarizability tensor in global coordinates. o=0 Jp= =0 m,n=1
1) Extinction Matrix ElementsiWe consider first terms of X (amiang) dy, (@) p(B) p(y) dadB dy  (19)

the form (S,,,). From (11
(Spa) (1) where, for completely uniform orientation, the respective

k3 probability density functions are
<Spq> in < (D Qz» (12)
1
Since the polarization vectors themselves are not a function pla) = 5
of the particle orientation, the averaging process is performed siﬂn 3
only on D itself p(B) = 5
k2

(Spa) = 42 o+ (D) @), (13) P =5 (20)
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over the limits indicated on the integrals in (19). These
integrals may be evaluated without difficulty, and the results Thus, an analytical evaluation of the theoretical problem of

are backscattering from a layer of general Rayleigh particles re-
Is that scatteri d extincti ithin the | isd ibed
(da2) :%(d,ll+d,22+d,33) veals that scattering an gx inction within the layer is describe
by just three parameters: a scalar extinctignand the two
(ds3) = (d22) scalar parameterB; and P». This extremely simple form can
(da3) =0. (21) potentially be exploited in the inversion process associated

Thus, for the scenario under consideration, the extincti(‘fHEPh,the hybr;dt mo?hel c;gnceptt'. | f K of the hvbrid
is found to be a scalar [as was already assumed in (4]O IS completes the theoretical framework ot the nyor
del concept. The remaining elements are an experimen-

and—when the result above is used in the definition [7] fi I d cal i . lqorithm. Th
the extinction elements—we obtain the following expressiOttla process and a numerical Inversion aigorithm. these are
described in the following sections.

—277mn,

3ko

wheren, is the p_article—numper density. An experimental effort was carried out to test the validity of
2) Phase Matrix ElementsThe derivation of the phasehe hyhrid model concept. A photograph of the experimental
matrix elements involves evaluation of quantities of the for@etup is shown in Fig. 2. The experimental process was
{SpgSpn) . Referring back to (11), we have straightforward. Polarimetric backscatter measurements of a
. kX Y . . dense material were made with/&u-band network-analyzer-
{pgSn) = ((Ps D qp)(i; - D" 1)) (23)  pased radar. Details of the specific material examined are given

(dm)?
T ... in Section VI. The material examined was contained inside a
The derivat lar to that performed for the extinctiol! :
© defivation 15 simifar o that performed Tor the exfine IOI rge 1.8- x 1.8-m wooden “sandbox.” The sandbox itself

matrix elements, but it is considerably more involved. Thé& :
s mounted on top of a turntable to allow for independent

problem of evaluating (23) essentially reduces to evaluati tial ts The sid f th db .
the spatial ensemble average of the Kronecker tensor prodﬁ filal measurements. The sides of he sandbox were two
tiered with the top tier removable so that it could have a

(PeD") (24) maximum depth of either 23 or 43 cm. This was useful to

whereD is the polarizability tensor in local coordinates whosBr€Vent an excessive amount of “shadowing” of the surface
elements are given by (16). The Kronecker tensor produ8{, the layer fo_r shallow depths.i The radar _was_mounted on
however, inflates the formulation greatly since each eleméhfhanually adjustable, telescoping mechanical lift. The radar
d;; in D is composed of approximately 12 terms (since some Bfount was such that manual adjustment of the incidence angle
the elements in the transformation matrixhave two terms), could be accomplished by simply tilting it and locking it into

each element ifD®D*), a 9 x 9 matrix, has on the order of place. The range from the aperture of the radar antenna to

144 terms, each requiring analytical integration with respe%}e layer surface, along the boresight direction of the antenna

to the three Eulerian rotation angles 4, and~y. The details was always 3 m. This distance corresponds to approximately

2 : : .
of this derivation are given in [13]. The result of the analysi&’ /A, WhereD is the dimension of the square aperture of the
ntenna, which was sufficiently small to allow a full range of

is the extremely simple form in (25) and (26), shown at thig"" . ) .
bottom of the page, where incidence angles to be observed in an indoor setting.
L 4 ) As is described fully in [13], the radar consists of upcon-
P =3A+ 5B+ 50 version, downconversion, and polarization selection circuitry
P = 1—15A - 1—25B + %C attached to a square horn antenr@an orthomode transducer.
A=|d) 2+ |dhy|? + |dis)? A coherent IF s.|gnal qt 1-3 GHz is prowded by the network
B ld P |d 2 | analyzer and mixed with a local oscillator at the radar box to
=ldiz]” + |dis]” + || produce a 15-17-GHz RF. The design and operation of the

re = —2Re

(dly + dyy + dég)} (22)
IV. EXPERIMENTAL PROCESS

C =Re(d,, dyy + diy day + dbs d53). radar follows closely that of the LCX POLARSCAT system
r Pl %(Pl — P2) 0 0
Lp-P P 0 0
P, = 201 ' X (25)
0 0 — P+ P) 0
L 0 0 0 (P —3P,)
5 P(1+ cos?(260)) — $Prsin®(20) (P — P) 0 0
Lip-P P 0 0
Poi = 2P~ Fr) L (26)
0 0 5 cos20(P1 + Py) 0
L 0 0 0 —% cos20(P, — 3P)
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Fig. 2. Photograph of experimental setup. Radar mounted on a mechanical lift overlooking a sandbox filled with the test material. (Additionat equipme
is part of an unrelated bistatic facility.)

described in [15]. A compact geometry for the antenna éxamined—was sufficiently smak:0.56 m) so that scattering
enabled through the use of a dielectric lens to correct them the wooden sides of the sandbox constituted a negligible
phase error at the aperture. The final beamwidth for the lengterference.
corrected antenna (one-way, HPBW) was’S@& both E- and  Since the primary goal of this investigation is to study
H-plane. volume scattering, great care was taken to make the surface
Two target parameters were varied in the experimen®@i the layers as smooth as possible to minimize surface
process for each of the materials examined: 1) layer depckscatter. The smoothing technique employed a sled whose
and 2) the nature of the underlying “halfspace.” Thékids rode along two opposite sides of the sandbox and
layer depth was varied between 2 cm and about 40 cffom which was suspended, spanning the entire width of the
For the underlying surface, either an aluminum she&@ndbox, a metal blade. The metal blade was lowered to the
(6 =1-53.97 x 107 at 16 GHz) or a flat absorber was used@PPropriate depth and leveled. The sled was then pulled across
The flat absorber was composed of 69-60-cm slabs of the box multiple times. After each pass, excess material was
5-cm thick flat absorber. These slabs were then arranged'@goved manually or additional material added in which the
cover the bottom of the sandbox. The dielectric constant of V€l was perceived to be low. In this fashion, an optimally
absorber { = 1.64 — 50.15) was measured by comparing thesm_ooth andreprO(_jumbI_e surface, with roughness d|ct:_;1ted
nadir-viewing reflectivity relative to the conducting sheet. ThE1ainly by the particle size of the test material, was achieved.

imaginary part was estimated (a lower limit) by considerin%‘he roughness of the surface was accurately characterized by

the minimum amount that the reflection from a conductin tle:asurerlpben';wnh fat:]aserdproflltﬁr. isolated ant lib
sheet under the absorber had been attenuated. _ -or callbrafion o1 ™he Tadar, the 1solated antenna cafibra-
. t\on techniqgue (IACT) was used [16], which requires the
Both the radar operation and the movement of the turntable . . .
easurement of a sphere (a 6-in sphere, in this case) and

were under computer control. To reduce the variance in the . L .
an_ arbitrary depolarizing target (we used a length of wire

estimate of the mean backscatter, independent measuremgﬂg%ted at roughly 49. This technique, as the name implies

were realized by rotating the sandbox. It was found that tlpgquires a radar system with excellent polarization isolation.
signal was sulfficiently decorrelated for a rotation 6f Bhus, The Ku-band system has polarization isolation on the order

for each target scenario examined (incidence angle, dep(gp,30 dB.

underlying dielectric), 72 independent spatial samples were

collected, one every for one complete revolution of the V. INVERSION ALGORITHM

sandbox. Additional averaging was obtained using frequencyln general, the inversion process consists of two steps, as
averaging, normally using the responses from 21 frequeni@jlows.

points equally spaced throughout the 2-GHz bandwidth. Thel) Assume some form of the unknown matricgs P,
gating capability of the network analyzer was used to isolate  and P,;. A logical starting point is for example, an
the backscatter response of the layer. The footprint of the isotropic model using the three parameters P, and
antenna at 3 meters—even at'6€he highest incidence angle P, from the Rayleigh derivation above.
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2) Use an optimization algorithm to minimize the least- 2,

squares function given by .-21.5 8-12 Gravel
Moo N Neo & & (M adum — [Mise], 1/2 :> ; €=2.17
: £ _
where M and M are the measured and pr(edi<):ted o 0 L 7 5 6 7
Mueller matrices, respectively, corresponding to all of Diameter (mm)

the different experimental variables—incidence anglgig. 3. Characteristics of the test material, 8-12 graveldenotes volume
depth, and dielectric of underlying surface—indexed uffction.)
to Ny, Ny, and N,.

The formulation ofM is nonlinear, even for the simple case TABLE |
. . . MATERIAL CHARACTERISTIC OF 8—12 QRAVEL

of a scalar extinction, due to the presence of the exponential
functions of the extinction. Initially, a conjugate gradient Typical Physical Properties Typical Chemical Analysis
procedure was attempted but was found to be unsatisfactor;F““‘;n Point ;1\11r 1 z'lh“’fl leXIdf‘i ";?ggf
because of the absence of a means for enforcing upper angd———— [ IO8 SCAT0 | AUTLINAM oxide | B

L. X . X Grain Shape Spherical Calcium oxide 0.56%
lower limits on the parameters being estimated. It is, for exam- s, gravity 3.65 g/em® || Trom oxide 0.07%
ple, a physical requirement that the parameters correspondingulk density ~1.57 g/cm’ || Magnesium oxide | 0.13%
to <SLLSZ(1,>1 <ShhS;kLh>l and<SrvhS:h> be strictly positive. We pH 6.8 7.2 Manganese oxide 0.03%
eventually settled upon a very robust algorithm written by Sphericity (Krumbein) | 0.6-0.7 Potassium oxide 0.10%
h . f h . . f land Roundness (Krumbein) | 0.6-0.7 Sodium oxide 0.03%
the Institute for Systems Research, University of Maryland, T odde T 007%
College Park [17], called FSQPD (Fortran sequential quadratic Loss on ignition 0.09%

programming double precision). The algorithm allows upper
and lower bounds to be set for the parameters and provides
for the imposition of linear and nonlinear constraints, thougshow in Fig. 3 only the real part of the dielectric constants of
none were used in this case. the materials¢’, which is essentially the same at both of the
frequencies at which it was measured.

A detailed description of the 8-12 gravel, provided by the
. ) L ) ) supplier (AGSCO Corp., Wheeling, IL) is given in Table I. As
The most interesting application of the hybrid modeling cons, o\n in Fig. 3, this material has a relatively narrow particle-

cept would be snow. However, in this development stage, ¢ istribution, which corresponds to a Gaussian pdf having
handling requirements of snow for the purpose of a (possi an diameter, = 2.062 mm and variance2 = 0.056 mm.
Iengt_hy)_ set of controlled experiments are too prohibitive. o particles themselves have a high degree of sphericity.
this initial dev.elopment.stage, th_erefore, we _OPted t0 USesRch factors make it an excellent candidate for testing against
“stable” material, for which material characteristics are statif,ooretical RT models. Af u-band (& = 1.875 cm at mid-

and unchanging throughout the layer. - band), the associated size parameter where k is the

The dense medium was a sized silica gravel, hencefoffyenymper in the particle andis its radius, is just beyond

referred to as "8-12 gravel,” based on its being produced §s Rayieigh limit, for which the criterion has been given
a sieving process as the material retained on standard sieyes. , < 0.5 [19] (present caseka — 0.509). Although
8-12. Some characteristics of this material are given in Fig. #a DMRT model [6] is intended specifically for Rayleigh
which shows the particle size distribution obtained from Sie‘f?articles, applications have been demonstrated by its authors
analyses; glso given in the figure are some pertinent physif@rl cases havinga as high as unit 1 [20]; thus, a meaningful
and electrical properties of the material. The material hagmnarison should be permissible with the 8-12 material. One

a high volume fraction that indicates a maximum packingstacie to theoretical comparisons is the problem of precisely
density of particles. The particle-size distribution of the 8— certaining the precise complex dielectric constant of the

gravel has been rendered as a probability density function (PBticles themselves aku-band. The issue of a theoretical

to faC|I|_tate, as W|I_I be dlsgus_sed below, its comparison wi mparison with measurements is taken up in Section IX.
theoretical scattering predictions.

The effective dielectric constant of the 8-12 material was
measured in two different ways: 1) a coaxial waveguide com-
plex reflection coefficient technique at 9.5 GHz and 2) using In Section IV, a means by which the top surface of the
the snow probe [18] at about 1.5 GHz. While the 9.5-GHayer was made as smooth as possible was presented. In order
result would seem to be most pertinent to the present effax,carefully analyze the scattering behavior of the volume, the
which is conducted at 15-17 GHz, there are questions abeffect of the surface must be either 1) very well understood
the accuracy of the estimate of the imaginary part of thar 2) negligible. Since the physics of rough surface scattering
dielectric constant, which is frequency dependent, as measui®dh itself a very challenging problem, and doubly so when
by the waveguide technique. The issue of determiriirfgr integrated with volume scatter, we have attempted to achieve
the materials is addressed further in Section 1X. For now, veption 2).

VI. MATERIAL EXAMINED

VIl. SURFACE CONTRIBUTIONS
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0.0 ! . | , T , the hybrid modeling approach outlined in Section II. It is our
intent to investigate whether the Rayleigh approach described
vy in Section Il constitutes an appropriate polarimetric model for
AoE HH 7 the test material being considered.

Before proceeding further, however, it will first be in-
structive to state explicitly what constitutes a comprehensive
comparison between a polarimetric model and measurements.
For an azimuthally symmetric medium, there are normally
= considered to be five independent quantities contained in the
measured Mueller matrix in the backscatter direction. These
are the copol responses,,|? and |S;.|?, the cross-pol
responseS,,|? (= |Sy.|* for backscatter), and two parameters
that together specify the statistics of the copolarized phase
50.0 | ) | T differencegy,;, — ¢.,,. The pdf governing this random variable

00 100 200 300 400 500 600 700 800 9.0 has been shown to be [21]
2

-20.0 - -

¢° (dB)

-30.0 -

-40.0 -

Incidence Angle (deg.) fo(®) —

~ 271 — a2 cos? (¢ —
Fig. 4. Predictions of surface scattering for 8—12 gravel, generated using the W[ « (d) C)]
SPM. acos( o —
y {1 - (9=9)

aZ cos?($ — ()
The importance of the influence of the surface backscatter - arcos(é — O)
on the measurements may be gauged to some degree by the X | = +tan ! — ] } (28)
variability of the signal with different target parameters. If, for 2 V1= a?cos? (¢~ ()

e_xamp_le, ata gi_ven incidence a_lngle, backsgatter changes_ \fRich is specified by the two parametass—the degree of
little with changing depth, or with changes in the underlying,relation—and (—the copolarized phase differenc&he

“halfspace” material, it may be suspected that the domingg\iantities are defined in terms of the elements of the Mueller
source of the backscatter is the surface term. As will be showWihtrix as

in the following sections, this was not found to be the case in
our measurements. However, even for the case in which the A, + A2, 1 Aa

: . . . . =4 —==—== ¢ =tan " — (29)
signal is seen to be quite responsive to changes in the target A11 )33 A1
configuration, it is possible that the small surface term may

represent a substantial contribution for the cases involvi§§'e"®
the very lowest backscatter levels, and so introduce errors My Maa

. . . . = A3z =

into an analysis based on volume scattering exclusively. For 1 27 33 2 (30)
this reason, an attempt was made to calculate the expected Mz 4+ My N, — Mz, — Mys  (31)
backscatter based on measured parameters of the surface. B=""4 W=

The surface parameters consist of the effective dielectri .
. L where M,, are elements of the Mueller matrix. Therefore,
constant, given in Fig. 3, and the roughness parameters, rms . ) A )
. . : . comprehensive comparison will examine the agreement
height, and correlation length, which can be obtained throug

the measurement of the surface height profile. Accordinglé/’ee;[xzs‘?s the model and the data with respect to these five

the surface height profiles were measured with a laser prOf'IerExtensive data were collected for the 8-12 material in-

The rms height was found to be O'.66 mm, _correspondmg t?roduced above, using the experimental procedure described
a valueks = 0.022. The autocorrelation functiohwas seen to . . .
in Section IV. The 8-12 gravel was examined for ten total

be essentially exponential, with a correlation length of aboféyer depths—four over a conductor and six over an absorbing

2 mm,_for which ki N 1.18. . o Iarl_yer (except at 3Q for which it was only two depths over
A suitable theoretical solution for these parameters is give . : -
. an absorbing layer and five over a conductor)—for incidence
by the small perturbation method (SPM) (see, for examplghgles ranging from 20 to 60There was some indication in
[19]). The estimated backscatter as a function of angle s . .
P o . thF results, however, not predicted by the surface scattering
presgntedlln F|.g. 4. As antlplpated, the backscattering I(.e\faenalysis done in the previous section, that at #tere was
predl_cteq 'S qwte_low for this smoqth surface. The relatlVseome surface contribution to the backscatter that was not
contribution of this surface scattering component may l?]% igible. Therefore, the 812 gravel is analyzed using only
evaluated with respect to the measurements that are preseﬂ'ge Hata éorrespondi'ng to 30. 40 and 60

next.

A. Comparison with Rayleigh Model

VIII. I NTERPRETATION OF RESULTS The Rayleigh model derived in Section Il utilized a scalar

In the following sections, we present the results of owxtinction and phase matrix componefig and?,; given by
controlled experiments and analyze them in the context (#5) and (26). As mentioned, these phase matrix components
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S0 oA HH O is not too surprising. As mentioned, the individual particles in
6 - VH the medium are for the most part pushing the limit of Rayleigh
A . . . .
-100 - - . particles for the wavelength being used. When consideration
2 A ] is made of some “effective” aggregate particle, which might
T 5o © 3 comprise many individual particles, the hypothesis becomes
o 1 even more doubtful. Still it is possible that such a model might
200 L - ° h be valid for smaller particles and where the volume fraction
""""""""""""""""""" o ] is not quite so high.
The angular variation in the Rayleigh model is controlled
250 | — S9
by two factors: 1) the Fresnel transmissivity of the surface and
1 | | | 2) the explicit dependence shown in (26). It is possible that a
-30.0 i ; i i i
200 300 100 0.0 60.0 00 9eneral |sotr(_)p|cmodel could work if the explicit constraints
of the Rayleigh model are relaxed.
Incidence Angle (deg.)
() B. General Isotropic Model

Fig. 5. Application of Rayleigh model to measured data. Comparison for FOr the general isotropic model, the quantities of interest
copolarized and cross-polarized response, over both (a) absorber andtfRe the following forms.

conductor for 8-12 gravel.

L]

were entirely specified by just two parameters, which are them-
selves functions of the elements of the polarizability tensor of
the arbitrary Rayleigh particles. This theoretical framework
was used along with the results from the measurements in
the inversion algorithm described in Section V. Some selected
results of this analysis are shown in Figs. 5 and 6. These results

Diagonal elements of the extinction matrix are required
to be identical. This is easily understood from the very
definition of isotropic media. The propagation character-
istics of the medium are insensitive to the polarization
of the intensity. Thus, the extinction for vertical po-

larization must be the same as for horizontal. For the
nondiagonal elements of the extinction matrix, which
for general nonspherical particles is given in [10], we

are representative of the degree of success that was achieved assume the cross coupling betweaeandh polarizations

generally in comparing the Rayleigh model to the measured
data. Fig. 5 shows the angular variation of the copol and cross-

is zero for forward scattering, making these off-diagonal
elements zero. Thus, for the general isotropic model we

pol responses, examined over both a conductor and an absorber are considering, the extinction, becomes a scalat,,

at the depths specified in the figures. In general, the angular
variation built into the Rayleigh model does not agree with
the observed behavior very well.

Fig. 6 presents the results with respect to the phase statistics.
Only the degree of correlationy] is shown at specific layer
depths over both absorber and conductor. It is clear that the
Rayleigh model is inadequate for explaining the observed
behavior for these materials. The lack of success of this model

as in the Rayleigh model.

The form of 7,, also resembles that of the
Rayleigh model. The isotropic constraint requires
that (S,.S%.) = (Sn.S7,). Reciprocity requires that
S, = Sue [in the backscattering alignment (BSA); in
the forward scattering alignmen§,,;, = —S5;.,]. From
arguments of azimuthal symmetry and experimental
evidence, the copol and the cross-pol terms have been
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found to be statistically uncorrelated; thus, all terms alvailable data were used in the inversion process suggested
the form (S,,S;,) are zero. The resulting form of theby (27) to find the optimal parameters for the first-order
matrix, which is independent of incidence angle, is  polarimetric model given by (4). Each of the figures consti-
tutes a comprehensive comparison of the five aforementioned

LN 0 0 independent elements of the measured Mueller matrix with the
P P 0 0 . o

Pps = (32) model predictions for the angle specified.
0 0 P—FR B The agreement with the 8-12 gravel is seen to be generally
0 0 g Py+ P

very good. The copolarized and cross-polarized response for

» For the P,; matrix, there is less that can be specifiethyers over a conducting surface [(a) in Figs. 7-9] is very well
in advance. Reciprocity does not require fhg andS;, modeled. There is some small disagreement for the case of
terms to be identical, and the like- and cross-pol terms aifee copol response over an absorber layer, at all three angles.

not necessarily uncorrelated. For the latter point, we willhe response is somewhat underpredicted (by 1-2 dB)“at 30

borrow from the findings of the Rayleigh analysis, whicland over predicted by about this amount af.6UThis is an

showed these covariance terms to be zero, but relieveresting and important case to examine since the bistatic
generally the other constraints placed on the elementsasfmponent of the phase functiBp, which can be individually

this matrix. In particular, we will allow the matrix as atailored for each incidence angle in the inversion process,

whole to be a function of the incidence angle, as specifiégl not involved. Since the backscatter compon&yp} is a

by po (1o = cosf,). The structure is constant quantity, the angular variation is governed solely by

the Fresnel transmissivity of the surface. Angular behavior that
Fe Pr 00 is i ith this Fresnel variation, for a “halfspace,”
P Py 0 0 is in agreement wit tion, : pace,
0 0 Pa P (33) whlch our Iayer—over-a}bsorber_ appro>§|mates, is a necessary
0 o Plo Pll requirement for scattering that is truly first order and isotropic.
12413 The behavior of the phase statistics of the measurements

Mathematically, the resulting model is identical to thagppears to be a very simple function of all of the parameters
given in (4), usingP,, and P,; as given above. There arevaried (angle, depth, underlying “halfspace”), and it is modeled
13 parameters to be specified for a complete polarimetf®irly well by this first-order hybrid model. The parametgr
description for a single angle. Of these, the extinctiorand the copolarized phase difference is, in particular, explained by
the matrixP,, (comparing five parameters) will be common téhe model quite well at all three angles.
all angles. A separate bistatic matfB,; must be determined
for each angle.

Thirteen parameters is a considerable space to explorén Section VI, we stated that the characteristics of the 8-12
for an algorithm for nonlinear optimization. Given the taskravel made it especially suitable for comparison with theory.
of optimizing all 13 parameters at once, the algorithm wilDne impediment, however, to such a comparison is the task
generally not produce a very satisfactory result, and it will teraf determining the precise dielectric constant of the particles
to arrive at different solutions depending on the initial guesthemselvesd,) at the frequency of interest, in this case, our
Fortunately, it is not necessary to optimize all parametegenter frequency of 16 GHz.
simultaneously. The following option exists for a much more One approach by which this might be accomplished is to
limited optimization process. measure by some means the effective dielectric con&tarutf

First, it is recognized that, if a “guadrant” is defined byhe medium and then invert a dielectric mixing formula like the
a 2 x 2 submatrix, proceeding clockwise from the top lefPolder—Van Santen mixing model [19] to get the dielectric of
of the 4 x 4 matrices in this formulation, the first and thirdthe inclusions (particles). The fact that the particles have a high
qguadrants are decoupled from one another since the secdadree of sphericity removes the ambiguity associated with
and fourth quadrants are identically zero. The zero statusasfsigning the three shape factors for that model. If, however,
these latter two quadrants holds for all of the matrices involvég: is measured at the test frequency (16 GHz was the center
in the first-order solution, including the transmissivity an@requency), the imaginary patf; may comprise the effects of
reflectivity matrices. Thus, it is possible to optimize initiallythe scattering losses as well as the dielectric conducting losses,
only the seven parameters affecting the copol and cross-gepending on the measurement technique. If the scattering
responses. After these have been found, the remaining kkigses are included in the measurementgf, inversion of
may be found, using the value fer, obtained in the initial a dielectric mixing model will not lead to the proper result
process. Additional iterations may be performed to improvier the particle dielectrié,. A complex reflection coefficient
the overall result. In general, it is found that, due to a modelaveguide technique might be employed at this frequency
that is only an approximation and data that contains errors, (i GHz) in which (it may be argued) scattering losses are
absolute convergence is observed from an iterative procga®vented due to the boundaries (i.e., modal requirements) of
and degradation of the perceived “goodness” of the solutitime guide; this point, however, is at this time still something of
occurs with many iterations. a research question, and in any event, the technique is prone to

A complete comparison of the isotropic modeling approadrror when the loss tangent of the test material is very small.
with the measured data is shown in Figs. 7-9 for the 8-12A more appropriate procedure is to measufg at low
gravel, for incidence angles 30, 40, and°6®\ll of the frequency, in which scattering is negligible, independent of

Poi =

IX. COMPARISON OF RESULTS WITH THEORY
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Fig. 7. Results of application of hybrid RT model to measured data: 8-12 gravelpn&@ence [(a) conductor and (b) absorber underlying layer].

the measurement technique used. The variation of the dielectfi@antity ¢, measured for the various silicate classes in [22],

constant of dry rocks with frequency in the microwave regiowe will simply use the low-frequency value @, as our

has been studied [22]. The real pajtis essentially constant estimate at the frequency of interest, 16 GHz. Since, in general,

from 1 to 16 GHz. The imaginary pa#; has been found the study found that; decreases with frequency, the use of

to decrease with frequency, in a manner dependent on thée low-frequency result will lead to a maximum attenuation

particular rock class. The material in the 8-12 gravel appeaalculation and a minimum scattering calculation.

to be either a sedimentary, plutonic, or volcanic silicate. The This result completes the information required to examine

frequency dependance ef for each one of these classes ishe correspondence between the measurements of this ma-

given in [22]. terial and the predictions of certain discrete particle-based
In this case¢.g for the 8-12 gravel was measured at aboudheories. A pertinent quantity for comparison is the effective

1.5 GHz using the Snow Probe (described in [18]) and fouqmtopagation constant in the medium

to be é.g = 2.17 — j0.007. The Polder—Van Santen mixing

_ S 72
formula for spherical particles (shape factors; = A, = K=K -jK
Az = 1/3) is from which may be obtained the real and imaginary parts of
5 — the effective index of refraction
€m = €p + 6 ———— 1 1
i+ 2m w2 X (34)

= n'! =

wheree,,, ¢,, ande; are the effective dielectric constants of ko ko

the medium, the host (air), and the inclusions (or particlesyjth the extinction specified ag, = 2K".

respectively, and; is the volume fraction. This equation may The theories we compare with are the effective field ap-

be easily solved for; (= ¢,), yielding 3.11 — j1.38 x 10~2.  proximation (EFA), the quasicrystalline approximation (QCA),
This value ofe¢) is already considerably lower than theand the quasicrystalline approximation with coherent potential

average for all of the silicate classes mentioned above ({€8CA-CP). We present here a very brief description of each

Fig. 13 in [22]), although still within the appreciable scattetechnique.

of the data. Therefore, instead of applying the frequencyThe EFA (also known as Foldy’s approximation) can be

dependance associated with the much higher values of tumnsidered a special case of QCA [14], in that the particles are
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Fig. 8. Results of application of hybrid RT model to measured data: 8-12 gravelndidence [(a) conductor and (b) absorber underlying layer].

considered as acting completely independent of one anothids assumption has been shown to breakdown outside of its
with zero correlation. It leads to an attenuation rate that iistended domain of validity, which comprises mainly liquids
very similar to that of independent scattering [14, p. 427%r gases.
The solution for the effective propagation constant is formally QCA-CP constitutes an improvement on QCA in that it
given by [23] provides for energy conservation in the formulation. Essen-
5 1/2 tially, it amounts to employing the effective wavenumber
K =17 —dmne < Spg(0s, o3 0:, ¢:) >] / in t)rqe Green’s functiong 0)1: tr?e QCA formulation instead of
where S, is the complex far-field scattering amplitudejs the background wavenumbér The formulation is valid for
the wavenumber of the surrounding medium, andis the Rayleigh particles only.
number density of the scatterers. The results produced by each one of these methods are
A detailed description of QCA theory is outside the scope smmarized in Table Il. Shown are estimates #arthe real
this presentation. A detailed derivation may be found in [14jpart of the effective index of refraction ane.. Shown for
In general, QCA takes into account interactions between pagbmparison are the snow probe measuiédnd «. obtained
cles, using exact wave transformations, a “T-matrix” approachiom the hybrid model analysis of the 8-12 gravel. The cor-
for computing this interparticle interaction rather than farelated particle treatments represented by QCA and QCA-CP
field phase functions. The particle correlation is specified pyoduce estimates of’, which are in close agreement with
the pair-distribution function, which describes the conditiondihe measured value. EFA gives a considerably lower estimate.
probability of a particle location relative to another particle’$Vhile the QCA result forx. is very low, the QCA-CP
position. The Percus—Yevick approximation is most often usetid EFA estimates bracket, below and above, respectively,
to derive the pair-distribution function for a medium. Thighe experimentally determined value fer. This bracketing
approximation assumes noninterpenetrability of particles aadenario resembles previous findings [23] for glass spheres in
zero forces between the particles. This assumption, whistyrofoam at much lower volume fractiong10%).
has, in some specific experiments [23], been found to agred-ig. 10 shows a comparison between measurements and
with experimental observations, removes the requirement s#fattering computations from a numerical CRT model that
characterizing by more direct means the exact configuratiemploys the EFA theory, using Mie calculations for the phase
of particles in a dense medium. In more recent studies [24)nction and extinction and the discrete ordinate solution
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Fig. 9. Results of application of hybrid RT model to measured data: 8-12 gravelnéidence [(a) conductor and (b) absorber underlying layer].

TABLE I seen to be extremely low—on the order of 15-20 dB—relative
PROPAGATION PARAMETERS FOR8-12 GRavEL to the measured results. This very serious disagreement can be
Source n e explained in terms of the behavior of the scattering albego
Snow Probe 1.47 - which scales the phase matrix (as described in Section Il),
gff{”d Moddl —= 03'/1502* and hence the scattering production of a collection of scatters.
Qe T T 099 The value ofw, computed (from [8]) for the DMRT model is
QCA-CP® 1.47 1.69 similar to the CRT computation for very low volume fractions

(e.g., <5%) but diminishes rapidly with increasing volume
fraction. For this scenario, with a volume fraction of 0.63,
the scattering albedo computed from DMRT is %1072,

method [25]. The inputs to the model consisted of the physic%li’om 250 times smaller than that computed by CRT. Since the
characteristics of the 8-12 gravel, as they have been descri¥@tes of extinction given in Table Il for EFA and QCA-CP are
in the preceding sections, including particle size distributiof@irly similar, this means that the difference in the respective
volume fraction, effective dielectric constant of the mediun@lbedos pertains to the scattering (recall, = r./x.). In

and dielectric constant of the individual particles. Though tHort, at these volume fractions, the DMRT predicts negligible
trends with respect to polarization and depth are similar, t§€attering production from the medium. The value for the
CRT model overestimates the scattering level by typicalgxtinction computed from QCA-CP given in Table Il is almost
3-4 dB. Recalling that the value of the imaginary part of thentirely associated with the absorptive losses in the particles.
particle dielectric used is a maximum value, this discrepandy?at the QCA result is smaller than this value is apparently
would be expected to increase with a more accurate estimatitimptomatic of that technique’s failure to obey energy conser-
of ¢,, as the single scattering albedo of the particle woulhtion. We note also that the issue of an extremely diminished
increase. scattering albedo makes noncritical the question of a more

A comparison between measurements and predictions frgnecise determination of the particle dielectric.

a dense medium radiative transfer (DMRT) model, described inThe diminishment of the scattering albedo in the DMRT
Section Il, as shown in Fig. 11. The theoretical predictions afermulation stems from the nature of the pair distribution

*Background = air / Background = €.z

®Intended for Rayleigh region.
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function as computed under the Percus—Yevick approximatigracking density for spheres, it is seen that a fairly orderly,
For a volume fraction as high as that of the material under testystal-like system is predicted with alternating regions of
0.63, the Percus—Yevick pair distribution function predicts ery high and low probability of neighbor particles. The
great deal of order in the system of particles. This is depictéarmulation itself appears to begin to breakdown at this point,
in Fig. 12, where the function is shown for the current volumas evidenced by certain irregular-looking features, in contrast
fraction (0.63) as well as for a much smaller volume fractiowith the appearance of the function at= 0.5, also shown

v = 0.25. At the 0.63 volume fraction, near the maximunin the figure.
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For a final comparison, we note that in the hybrid model,
finding P, independently for various incidence angles z
amounts to mapping out some portion of the scattering phasé
function of the particle (refer, for example, to Fig. 1). Fig. 13
shows these experimentally derived phase functions. Showi%
for comparison are Mie calculations made for the cases ofg
1) a particle having the same characteristics as the 8—1%
gravel particles and 2) a particle having the same dielectric%
but three times as large. All results are normalized to the7;
backscatter level. The obvious implication, consistent with-S
the assumptions of the hybrid model concept, is that muItipIe%
particles combine to form an effective scattering element that?

is amenable to a first-order RT approach. 0.00 | ! L i L LI
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