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Abstract

Microwave radar and radiometer techniques are used to gather crucial information
about the earth and its atmosphere. The ERS-1. JERS-1. RadarSAT and NASA's
Mission to Planet Earth projects are designed to study the changing global environ-
ment. In all these endeavors, the key instrument is the radar or scatterometer. The
advantage of microwave radar is that it is hindered very little by clouds, fog or solar
radiation. Polarimetric sensors like the shuttle-borne SIR-C radar, provides addi-
tional information compared to single polarization systems. Correct interpretation
of polarimetric data necessitates proper understanding of the scattering mechanism.
Thus theory of polarization synthesis is discussed. Solution to the Kennaugh eigen-
value problem for point targets is derived. Polarimetric signatures of point targets are
shown as surfaces of spherical co-ordinates based on the Poincaré sphere. Statistics
of the covariance matrix elements for distributed targets are presented.

The main topic of this research report is the design and development of a mul-
tifrequency, polarimetric scatterometer for biosphere remote sensing. The system
was developed using a standard HP network analyzer, a crossed log-periodic dipole
antenna and a reflector. The scatterometer functions in a linear polarization basis
between the L- and X-bands and gathers full-polarimetric information. The standard
S-parameter measurements using the network analyzer were related to surface and
volume scattering coefficients of rough surface, snow cover and vegetation media.

The scatterometer measurements were carried out in the frequency domain to
make use of narrow band filters in the receiver chain. The fast Fourier transform
was used to convert the frequency domain measurements to the time domain. The
range resolution of the system was 20 cm; azimuthal and elevation resolutions are
determined by the antenna beam widths. Range side lobes were reduced by making
use of appropriate weighting (Kaiser-Bessel window) functions. In the process of
receiver cVsign, we developed a number of signal processing techniques which are
illustrated using appropriate numerical examples.

The accuracy of target characterization depends on the quality of scatterometer
calibration. A novel technique to estimate the absolute gain and crosstalk of the radar
system was developed. Using a distortion matrix approach, the cross-polarization re-
sponse of the system was improved by 10 to 25 dB. The radar measurements were
validated by comparing point target radar observations with the corresponding theo-
retical values. Also, measurements of fading decorrelation distance and decorrelation
bandwidth of rough surfaces were in good agreement with the theory. Backscatter
observations of vegetation and snow cover were comparable to earlier published values
for a similar environment.

Based on initial test results and operations capability, we propose to use the
present scatterometer for ground-truthing in support o ERS-1 missions. Direct com-
parisons of electromagnetic backscatter coefficients are possible between the ERS-1
and the present scatterometer. These joint studies are beneficial for developing in-
verse scattering techniques, designing new experiments and calibrating ERS-1 radar
systems for distributed target environments.

Keywords: Polarimetry, scatterometer, microwave remote sensing, calibration, net-
work analyzer based, S-parameters, scattering matrix.
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Abstract

Microwave radar and radiometer techniques are used to gather crucial information about the
earth and its atmosphere. The ERS-1. JERS-1. RadarSAT and NASA's Mission to Planet
Earth projects are designed to study the changing global environment. In all these endeavors,
the key instrument is the radar or scatterometer. The advantage of microwave radar is that
it is hindered very little by clouds, fog or solar radiation. Polarimetric sensors like the
shuttle-borne SIR-C radar, provides additional information compared to single polarization
systems. Correct interpretation of polarimetric data necessitates proper understanding of
the scattering mechanism. Thus theory of polarization synthesis is discussed. Solution to
the Kennaugh eigenvalue problem for point targets is derived. Polarimetric signatures of
point targets are shown as surfaces of spherical co-ordinates based on the Poincaré sphere.
Statistics of the covariance matrix elements for distributed targets are presented.

The main topic of this research report is the design and development of a multifrequency.
polarimetric scatterometer for biosphere remote sensing. The system was developed using a
standard HP network analyzer, a crossed log-periodic dipole antenna and a reflector. The
scatterometer functions in a linear polarization basis between the L- and X-bands and gathers
full-polarimetric information. The standard S-parameter measurements using the network
analyzer were related to surface and volume scattering coefficients of rough surface, snow
cover and vegetation media.

The scatterometer measurements were carried out in the frequency domain to make use
of narrow band filters in the receiver chain. The fast Fourier transform was used to convert
the frequency domain measurements to the time domain. The range resolution of the system
was 20 cm: azimuthal and elevation resolutions are determined by the antenna beam widths.
Range side lobes were reduced by making use of appropriate weighting (Kaiser-Besse! window)
functions. In the process of receiver design, we developed a number of signal processing
techniques which are illustrated using appropriate numerical examples.

The accuracy of target characterization depends on the quality of scatterometer calibra-
tion. A novel technique to estimate the absolute gain and crosstalk of the radar system
was developed. Using a distortion matrix approach, the cross-polarization response of the
system was improved by 10 to 25 dB. The radar measurements were validated by comparing
point target radar observations with the corresponding theoretical values. Also, measure-
ments of fading decorrelation distance and decorrelation bandwidth of rough surfaces were
in good agreement with the theory. Backscatter observations of vegetation and snow cover
were comparable to earlier published values for a similar environment.

Based on initial test results and operations capability, we propose to use the present
scatterometer for ground-truthing in support of ERS-1 missions. Direct comparisons of elec-
tromagnetic backscatter coefficients are possible between the ERS-1 and the present scat-
terometer. These joint studies are beneficial for developing inverse scattering techniques,
designing new experiments and calibrating ERS-1 radar systems for distributed target envi-
ronments.
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Chapter L

Introduction

Microwave radar and radiometer remote sensing techniques are used to gather crucial infor-
mation about the earth and its atmosphere. The advantage of microwave remote sensing is
that it is hindered ven- little by clouds, fog or solar radiation. Low frequency electromagnetic
waves can also see through vegetation, ice, snow, and extremely dry sand. The major applica-
tions of remote sensing are in the field of land management, crop yield estimation, inventory
of forest, ocean currents and polar region sea ice drifts. Both quantitative and qualitative
analysis of scattering signatures are used to retrieve information. Qualitative analysis of tone
and texture of a SAR (Synthetic Aperture Radar) image is e.g. used to delineate regions of
building, swamp forest and hardwood forest from flat surface, clearcut and young pine sites.
However, the tone and texture analysis of the image does not differentiate between swamp
forest and hardwood forest because their images display similar tone and texture. Thus tech-
niques based on qualitative image interpretation are limited to identifying only overall land
cover types.

Accurate interpretation of remote sensing signatures from vegetation and soil surface could
lead to extraction of valuable information about the physical and biophysical state of the
respective media. Studies which have broad commercial applications are: detail classification
of forest and land resources, timber volume or biome estimation, identification of any natural
or induced stress in vegetation, mapping the fire-damaged portion of a forest, estimation of
snow-cover depth, and detection of a flood situation.

In the past three decades, the majority of research efforts have been focussed on crops.
Studies related to natural vegetation such as forests have been given little attention. With
the advent of SAR. there is renewed interest in interpreting scattering signatures from forests.
The need to retrieve biophysical information from SAR images has initiated detailed obser-
vations of scattering characteristics within vegetation canopies.

Most of the operational radars such as ERS-1 (European ».emote Sensing Satellite) use
single polarization and single frequency; however, with the . dvent of modern technology
and computing resources, the usage of multifrequency and muki polarization radars is highly
probable in future missions. The recent Shuttle Imaging Radar (SIR L, C and X-band) is an
excellent example. This is an integral part of NASA's Mission to Planet Earth to study global
environmental change. An enhanced set of measurements comprising multi-polarization and
multifrequency observations would reduce the ambiguities involved in interpretating the data.
For example, plant morphology is easy to discern using dual-polarization measurements.
Polarization backscatter at HH (co-polarization return in horizontal) and VV (co-polarization
return in vertical) plays a significant role when the vegetation canopy has an anisotropic
str ire and in the case of a highly reflecting underlying surface as in flooded rice fields
[3" Applications based on ratio parameters such as HH/VV are attractive when Synthetic

rture Radar (SAR) images are not calibrated on an absolute scale. In the case of SAR.
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motion of the polar orbiting satellite or space shuttle is used to synthesize an antenna aperture
that is much larger than the actual antenna on board. The advantage of SAR is that it
produces images of fine resolution (footprint 10 to 25 m). Also, temporal monitoring of HH
and YY radar data is found to be correlated to canopy parameters such as height, number
density and biomass. Using a linear regression technique, Wu and Sadar extended tht SAR
polarization data (HH, W , HY) data to infer tree height, basal area and the total-tree
biomass [47]. It was shown that SAR HH polarization signature data is sensitive to tree
height and age of pine forests. Also the technique was improved further via multivariable
estimation using both HH and YV data. However, to achieve a significant advancement
in regression technique, understanding the basic electromagnetic wave interaction with the
forest scene is essential.

Modelers achieved only moderate success in quantifying electromagnetic scattering from
random media such as vegetation and rough surfaces. The theoretical framework is in an
evolutionary phase; it is still too early to formulate a more generalized approach for a wide
range of biosphere remote sensing. In the meantime, technology has advanced to record high
resolution, multifrequency and multi-polarization data. The NASA SIR-C/X-SAR mission
has demonstrated the use of space borne radar systems for the Global Change program.

Technology is able to deliver high-quality datasets, but inverse scattering methods have
not evolved for retrieving reliable geophysical information. There is ambiguity in quantita-
tive estimates such as in biome. However, with limited ground truth, there is tremendous
advancement in image classification and in monitoring environmental quantity changes. Neu-
ral network-based inverse scattering techniques are capable of forging non-linear statistical
relationships between radar measurements and physical parameters of the media. It is also
possible to incorporate known initial conditions and first-order solutions in neural network-
based approaches to improve confidence in retrieved quantities. Thus, in the immediate
future, a combination of high resolution polarimetric measurements, limited ground truth
and neural network-based inverse scattering techniques are bound to satisfy remote sensing
needs.

Besides polarimetric technology, the new interferometric method is able to generate to-
pographic maps. The scales of these maps are in centimeters. Accurate topographic maps
improve the assessment of natural hazards such as flooding, subsidence, mud flow and volcanic
eruptions. The topography of mountain glaciers is useful in monitoring ice flow dynamics.
These phenomena are closely linked to global climate and sea-level change.

Thus the general theme of this dissertation is to design and to develop a multifrequency,
polarimetric scatterometer for biosphere remote sensing.

1.1 Overview of Dissertation

Chapter 1 - Introduction
A general background in microwave remote sensing of the biosphere is presented. The

problems addressed by this research report are outlined.
Chapter 2 - Polarization Synthesis
Formulations of the scattering matrix, covariance matrix and eigenvalue problem are

discussed. Polarimetric signatures of point targets are shown as surfaces of spherical co-
ordinates based on the Poincaré sphere. Also, methods of analyzing the normalized covariance
matrices of distributed targets in terms of point target response are presented. Statistics of
sample averaged covariance matrix elements are derived.

Chapter 3 - System Description and Basic Signal Processing
The primary objective of this research is to build a fully polarimetric multifrequency

scatterometer. The hardware description and signal processing techniques are outlined. Since



the scatterometer gathers data in the frequency domain, fast Fourier transforms are used to
obtain ranging information. Also, methods of suppressing range side lobes are shown with
numerical examples.

Chapter 4 - Scatterometer Calibration
A technique for estimating the absolute gain and crosstalk parameter of a radar antenna

system is developed. Using a distortion matrix approach, a cross-polarization response of
the system is improved by 10 to 25 dB. The estimated antenna system parameters are ver-
ified using test target radar measurements. This technique is also presented in an article
published by Stjernman et al. [35]. A radar equation relating the normalized surface and
volume scattering coefficients with the S-parameter is derived. Also, we outline a conceptual
framework for describing the transmission and reflection parameters of the long cables and
for the correction of their influences on the measured S-parameters. The long cables connect
the antenna and network analyzer. In all these mathematical formulations, a clear distinction
between the scattering matrix and the S-parameters is maintained.

Chapter 5 - IRF Scatterometer measurements of the Biosphere
A brief review of modeling and measurements of vegetation and surface microwave re-

mote sensing is included. Fading due to interference associated with coherent scattering
from individual scatterers within the resolution volume is studied. The fading decorrelation
distance and decorrelation bandwidth of rough surfaces are compared with the theory. Back-
scatter measurements of the birch tree are contrasted with point target responses. Temporal
variations of vegetation and snow cover backscatter coefficients are studied.

Chapter 6 - Summary and Conclusions
Major contributions of this research work are summarized and suggestions for future

research are given.



Chapter 2

Polarization Synthesis

Although the theory for the response by a target to the polarization states of the transmitting
and receiving antennas was founded many years ago ([17, 12]), there is still a lot of discus-
sion of the interpretation of polarimetric data (see e.g. [20, 23, 19]). The development of
airborne and spaceborne polarimetric sensors necessitates thorough investigation of the effect
on the polarization response by different factors, such as surface slope, soil moisture, biomass
etc.. This in order to facilitate efficient algorithms for interpretation and classification of
polarimetric 'images'. These images contains a huge amount of data, that has to be reduced,
before they can be interpreted by humans or by neural networks. This reduction should be
performed in such a way, that the classification is based on physical properties of the target,
and not on effects introduced by the surface slope for instance.

In this chapter, we introduce elements of the scattering matrix, the Mueller matrix and
the covariance matrix. The co-polarized and cross-polarized responses are given as quadrat-
ics with coefficients related to the elements of the covariance matrix. These elements are
also related to the elements of the Mueller matrix. It is shown that the Mueller matrix is
symmetric. There is no need to distinguish between the Mueller matrix and Stokes scattering
operator by using an appropriate co-ordinate system. Polarization responses of point targets
are analyzed with the help of the eigenvalue problem. Synthesized radar cross sections of
targets are illustrated as a function of ellipticity and orientation angle of the transmitted
wave. The distributed target polarization response is r'acomposed in terms of simpler point
target characteristics.

Due to the coherent summation of the contributing scatterers within the resolution vol-
ume, measurements of the scattering coefficients are subject to statistical variations. Statistics
of the covariance matrix elements are derived and useful approximations are made.

2.1 Scattering Matrix, Covariance Matrix and Backscatter
Cross section

The concept of a scattering matrix is used routinely to describe scattering from a target.
Several different definitions of the scattering matrix exist. Also, the usage of complex field
components is not consistent. Here, only fields in linear isotropic media with a time variation
sin(u>< + <f>) are considered. The real field in Cartesian co-ordinates is

E(f, t) = f£(f) cosM + </>x(f))x + E*(f) cos(w* + 4>y(f))y + E°z(f) cos(u>t + 4>z{f))i. (2.1)

The equivalent complex phasor representation is

E(f) = -^(£°(f)e J«" ( f ) i + E%(f)e>+>Wy + £°(f )e^ ' ( f ) i ) . (2.2)



The x,y and £ are orthogonal unit vectors in real space (for instance East. North, up) and
f = xx + yy + zz represents a location in real space, relative to a fixed origin.

A target is placed at the origin of the co-ordinate system. The target can be a particle
or large corner reflector or an aircraft. It is illuminated with a field generated by a transmit
antenna placed at R, where R=\R\> 2D2/A. Also R> D, where D is the diameter of the
antenna. In this case, the transmitted or incident field is approximated as a plane wave in
the vicinity of the object. (This is valid when the target diameter D' < D. If D' > D we
should replace D with D' in the above conditions for R.) It is usual practice to describe the
plane wave in another Cartesian co-ordinate system, where the basis vectors v. h and f form
an orthonormal set such that v x h = f , and f = —R/R lie in the propagation direction
of the plane wave. The vector h is in the horizontal plane, perpendicular to f, and {• is
perpendicular to the other two. The two different co-ordinate systems are related by Euler
angles.

The plane wave consists of a couplet: the electric field É and the magnetic field H. These
are perpendicular to each other and to the direction of propagation. A wave is generally
represented only by its electric field which in this case is El = (£',1' + Et

hh)e~:>kp, where p
is the distance along the f direction, and k = u/c is the propagation constant. In a linear
isotropic medium, the phase velocity c = co/y/fj.Ter, where CQ 'S the phase velocity in vacuum
equal to 299 792 4*8 m/s, (ir is the relative permeability and er the relative permitivity.

The incident field induces currents on the target, which in turn radiate a scattered field.
The scattered field (Es) behaves as a spherical wave at large distances. In the monostatic
radar case, a receiving antenna is placed in the same location as the transmitting antenna,
hence only the scattered field in the backscatter direction is of interest. At large distances
from the scatterer, the backscattered field is orthogonal to the propagation direction (-f) .
Thus the scattered field can be described in the same coordinate system as the incident field.
The field components E% and £"£ of the scattered field at large distance r from the target are
related to the field components El

v and El
h of the incident field at the origin as follows [39]:

-jkT

shh

El
v

El
(2.3)

The scattered field is given by E'v + E^h. The above two-by-two matrix is the scattering ma-
trix. It must be emphasized that this is a relation between components of two different fields
at two different locations and is not a relation between fields. It is appropriate to consider
fields in different basis, since the fields are the same irrespective of basis; however, the field
components depend on the basis vectors. When the basis vectors are the same for scattered
and incident fields (this is referred as the BackScatter Alignment, BSA, convention), the
scattering matrix is symmetric for all reciprocal targets. The vast majority of 'natural' tar-
gets are reciprocal; only targets consisting of heavily magnetized ferrites and optically active
semiconductors are non-reciprocal. However, man-made targets consisting of two antennae
and an amplifier in between can be made non-reciprocal.

Depending on the receiving (r) and transmitting (t) polarization states, each target is
characterized by a scattering cross section (crrt)- The scattering parameter (art) also depends
on size, shape, dielectric consfant and orientation of the scatterer. In the far field region, the
scattering cross section is defined as

aTt = Jim \ (2.4)
ft—00 S

where S< is the intensity of the transmitted field, proportional to \Et\2, and Sr is the intensity
of the received component of the scattered field. The receiving polarization state is defined



by the polarization vector pT equal to Er/\Er\, where ET is the transmitted field at the
target, when the receiving antenna element is used to transmit. ST is equal to ^ r_ ' , where
T) = ftc = y/fir/fr^oco is the characteristic impedance of the propagation medium (usually
air). The quantity 770 = Mô o is the characteristic impedance of a wave in free space. The
permeability of free space no is equal to 47r • 10~7Vs/Am, hence TJ0 = 119.9169832 TT Q SS
376.73S2. The received power is given by Ar

eSr, where AT
t is the effective area of the receiving

auterna. Hence the power received by the antenna is

Pr = l ? r ' £ < l Ar
e. (2.5)

This relation is a consequence of the reciprocity theorem. The definition of the antenna gain
gives St = —h^Pt-, and combining 2.4 with 2.5 results in the radar equation as

e47TÄ247ri?2h;Pt- (2.6)

The transmitting polarization vector is accordingly defined as pi = pvtv + Phth = Et/\Et\.
Using the scattering matrix in the above equation, the scattering cross section is

aTt = + Phr(sfivPvt (2.7)

where S{j,i,j = v, h are the scattering matrix elements. The polarization states pt and pT

are usually characterized by a set of polarization angles (i/>t,Xt) and (z/v,xr) respectively. A
general expression for polarization state vector is

p = (cos ip cos x — j sin ip sin x)v + (sin i> cos \ + j cos rp sin \)h (2.8)

where f is the rotation angle determining the orientation of the major axis of the polarization
ellipse, x is the ellipticity angle determining the ratio between the minor and major axes and
the sign of \ specifies rotation or handedness of the E-field. Figure 2 1 shows the polarization
ellipse in a reference plane orthogonal to f and viewed in the direction of propagation, i.e.,
from the antenna.

2.2 Stokes vector, Mueller Matrix and Stokes Scattering Op-
erator

In 1852, Stokes introduced a set of four parameters with the same physical dimension to
characterize an elliptically polarized wave. These are given in vector form by

(2.9)

for a wave traveling in the v x h direction. Then the sign of V is positive when the sense of
polarization are left-handed. In BSA convention the propagation of the scattered wave is in
the -v x h, hence in order to maintain the sign convention of V, we define the Stokes vector
of the scattered wave (?*) as

(2.10)

h
Q
U
V

\EV\2 + |£/,|2

\Ev? - \EH?
2^{EvE*h)

-2^i(EvE*h)

Q

u
V

3

m2



Figure 2.1: The polarization ellipse and definition of the polarization angels i{> and x- The
transmitted wave propagates in the k direction. The sense of polarization or handedness is
denoted left-handed (right-handed) when the E-vector rotates clockwise (counterclockwise)
in this reference plane and corresponds to positive (negative) \ values. The scattered wave
propagates in the opposite direction; the left-handed scattered wave rotates counterclockwise.



with the fourth component having the opposite sign in comparison with Eq. (2.9). The above
definition of the scattered Stokes vector is more precise than the one tha* is used by Ulaby
and Elachi in [39]. The two different definitions of the Stokes vector may appear confusing
at first sight; however, it is possible to modify Eq. 2.9 as

/ 1 f \E ,\2 + \Eh\2

Q = \EV\2 - | £ , | 2

V J [ -({• x h • k)2xs(EvE*h) _

(2.11)

where the triple product v x h • k takes into account the orientation of basis vectors. With
this convention of the sign of the last component, two waves with identical sets of parameters
will look identical in space at given time except for the sense of propagation direction.

The normalized Stokes vector -w for transmit polarization state pvti'+Phth is [v xh-h = 1)

At =

1

ut

ft

or equivalently

-2^(Pvtp'ht)

\pvt\2 = U:

cos 2 ^ cos 2 \ t
sin V(2cos2xt

sin2xt

(2.12)

- Ui->
VvtPlt

VhtPvt

l{ut -jvt)
l(ut+jvt).

(2-13)

Since the receive polarization state is always defined in the same basis as the transmit polar-
ization base, the same relations hold for the normalized Stokes vector for receive polarization
state Ar (t —• r). It is interesting to note that q2 + u2 4- v2 = 1, hence vectors representing
polarization states fall on a sphere in the (q,u,v)-sp&ce. This sphere is usually referred to as
the Poincarré sphere.

The Mueller matrix M is defined by the relation between the Stokes vector of the incident
field and the Stokes vector of the scattered field as

T* = ± (2.14)

It is easy to show that the power received by the receiving antenna is proportional to AT • !F*
where AT is the normalized Stokes vector representing the receive polarization state (see
Appendix A). Hence there is no need to distinguish between the Mueller matrix and the
Stokes scattering operator as suggested in [39]. The need for this differentiation is due to
inconsistent definition of the Stokes vector, disregarding the change of propagation direction,
and only considering the rotation in the reference plane.

Using the definition of the backscatter radar cross section (eq 2.4) and the relation A.5
derived in Appendix A we obtain

(TTt = lim
R

• É'\2

— hm
ft—oo

2nAT

= 2*AT-MAt. (2.15)

Due to the reciprocity, aTt = atT. Hence Ar • MA1 — A1 • MAT. Since the normalized Stokes
vector is defined as a column vector, the dot product AT • MA1 can be written as ArTMAl.
Due to the commutativity of the dot product, ATTMA1 = {MAt)TAr - AtTMTAr =
A' • MTAT and the Mueller matrix is symmetric.

Stokes parameters, that are defined in the t1, A-basis, are termed global Stokes parameter
in this paper. Later we will define Stokes vectors in an alternate basis; these will be referred
to as local. These are merely introduced for convenience.



2.3 Co- and Cross-polarized Response

Usually the co-polarized (pi- = pt) and cross-polarized (pi - pT = 0) received signals lend
themselves to detailed microphysical analysis of the scatterer. The polarization angles for
transmit and receive states are identical for co-polarization reception, i.e., (vv, \ r ) = (vt, \ j).
For cross-polarization reception, the receive and transmit polarization angles are related
by ( iv , \ r ) = (wt + "72, ~Xt) or (pvnPhr) = {p'ht<~Plt)- T n e backscattering matrix is
always symmetrical, i.e., Shv = sv/,. Thus, general expressions for co- and cross-polarization
scattering cross section are

+2svhpvtpht
2i2

and

Using the above definitions, we can rewrite this last expression as

.Sv
-Vt svhqt\

(2.16)

(2.17)

(2.18)

Encouraged by the cross-polarized expression above, we define a modified covariance
matrix for the feature vector (£,A,E) = {'yv^Slih.Sv'-~2

Shli,svh). The modified covariance
matrix can be written as follows:

Z\2 Zl3 •
^22 Z23

Z32 ^33

' E "
A

' E
A
—

t
=

SE* EA* EE*
AE* AA* AE'
EE* EA* EE*

(2.19)

and Zi} = Xij + jY'ij where X,j = Xj, and Yjj = —Yji are the real and imaginary parts
respectively. The f denotes the adjoint operator, i.e., the complex conjugate of the transpose
operator.

We still need to obtain a simplified expression for the backscatter cross section. The direct
expansion of Eq. (2.16) leads to the following:

-\\pvt\phtp'vt+ ^ 2 Q j

ShhS*vv{PhtP*vt)2]-

Using the covariance matrix and Stokes vector elements, the above equation is simplified

oc — 47r(Xn + X22 + X33 + 2X\2q + 2X\3u + 2Y23v + .
,2 _ öv...,, , _ V_-».2 _i_ i)V..m, _ \'__n2 1 o v ~..\ (£•£*•)

as

- Xnv
2-2Y12uv-:

Similarly the cross-polarized response is

ax =

2Yuqv - X33g
2 + 2X23qu).

- 2Yl3qv + X33q
2 - 2X23qu) . (2.22)

It is interesting to note that the sum of the two cross sections, which corresponds to the total
energy scattered by the target is

(2.23)Ar
n + X22 + X33 + 2X12q + 2X13u + 2Y23v) .

The subscript t is omitted by implication.



A;
2A
2A
21'

12

13

23

" A 33

A'n
2A"12

+ A'22 -

2A'23

2Vi3

A-33

A'n

2A'13

2A'23

- A"22 +
-25 ' i2

A-33
-An

2123

2113
-2112

+ A'22

From the above expressions the Mueller matrix can be derived (see Appendix B) and the
result is

A"33

(2.24)
It is interesting to note that apart from the above-postulated symmetry we have another
restriction on the diagonal elements; A-tco = A4ii+-M22-l-.A/i33, thus reducing the independent
parameters from ten to nine.

Although the responses are given by nine parameters, these are interrelated in such a
way that responses show interesting properties; the total response has a rotational symmetry
axis. This axis is the intersection of two orthogonal symmetry planes of the co-polarized
response. The cross-polarized response is symmetric in these planes and also in a third plane
orthogonal to the other two. Another interesting property is that both the co-polarized
response and the cross-polarized response have nulls. These properties are best revealed by
examining a special kind of eigenvalue problem that was originally introduced by Kennaugh
[17] and further examined by Huynen in his thesis [12]. In the next section, we will discuss
the eigenvalue problem and its solution.

2.4 The Kennaugh Eigenvalue Problem

The eigen-polarizations are such that they only change their sense of rotation in a transverse
reference plane after scattering. Since the direction of propagation is changed, this amounts
to maintaining their handedness and the general shape of the polarization ellipse in space.
Every scattering matrix possesses two eigenvalues which determine these eigen polarizations.
This scattering matrix can be uniquely represented with its (modified) eigenvalues (Ai,A2)
and eigen-polarizations {e\ = e\vv + eitlh,e2 = e2ui' + e2/,/i) according to

shv -"'hh
(2.25)

where the eigenvectors have been combined into the columns of a matrix. Notice that this
definition of the eigenvalues and eigenvectors differs from the standard definition in such a
way that the eigenvectors are complex conjugated on the right hand side. This eigenvalue
problem is closely related to the singular value decomposition as described in Appendix C.
For real-valued eigenvectors representing linear polarizations, the definitions coincide and
the equations could be solved using standard methods. However, when the eigenvectors are
complex-valued a different approach has to be taken and the resultant solution has wider
applicability.

2.5 Solution to the Eigenvalue Problem

In this section, we describe techniques to solve the eigenvalue problem and analyze the results
to get a better perspective of their utility for an isotropic medium.

Multiplying both sides of the above equation with u ' ;

e-2h Shv

l-2v

Hh

Aj 0
0 A2

(2.26)
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and requiring normalized (i.e. c"i • ej = 1) and £2 • *% = 1) and orthogonal (i.e. e"i • tZ = 0)
eigenvectois leads to

0 A2

e\h sm. svh e u . e2r° " " ' " ' '"'• " " " " - " ' • ' " ' ( 2 . 2 7 )
elh

Notice that this equation can be fulfilled when and only when svj, = Sftt,. i.e.. when the
scattering matrix is symmetric. Expansion of the right hand side gives four complex equations
from which both the eigenvectors and eigenvalues can be solved. The standard eigenvalue
problem is usually solved by first solving for the eigenvalues ar>d using these to get the
corresponding eigenvectors. However, the Kennaugh eigenvalue problem is best solved by
first obtaining the eigenvectors and then using this solution to find the eigenvalues.

2.5.1 Eigenvectors

By expanding Eq. 2.27 governing the eigenvectors and focusing on the off-diagonal elements

{sweiv + Svheui){-e*h) + (shv^iv + Shhe\h)e*iv = 0, (2.28)

where e2r has been replaced with —ejft and e2/, with e\v in order to fulfill the orthogonality
condition. (e2l, and e2h could be multiplied with an common arbitrary factor e^6 and still
fulfill the condition, but the actual choice simplifies the following calculations.) Introduction
of cos2^ocos2xo = kit.!2 - \e\h\2, sin2^o«>s2xo = 2H(elve\h) and sin2xo = -2$s(elve*h)
transforms this equation into

- -zisvv ~ Shh)sin2ip0cos2xo + svhcos2il>ocas2xo + j-zisw + shh)sin2xo = 0. (2.29)

Substituting %(svv + s/,/,) with £ , | ( s v v - shh) w ' l h A and svh with H as earlier and
multiplying with £% assuming E is nonzero:

- AE* sin 2̂ »o cos 2Xo + HE* cos 2^0 cos 2xo + j 'EE* sin 2 X o = Q)

-Z2i sin 2ipo cos 2xo + -̂ 31 cos 2^o cos 2xo + j ^ n sin 2xo = 0

where Zij are the elements of the modified covariance matrix.
Solving for the real part of the above equation

- A'12 sin 2ipo cos 2xo + Xu cos 2^o cos 2xo = 0 (2.31)

leads to

sin 2^o = ± , 13 = (2.32)
A 2 i

and
U (2.33)

Substituting this in the equation for the imaginary part

Y\2 sin 2ipo cos 2xo ~ V13 cos 2ipo cos 2xo + A'i; sin 2xo = 0 (2-34)

transforms it into

'" '-cos2xo + A n sin2xo = O. (2.35)

11



Through the identity (S
we find that Ä13V12—A

is given by

and

E*) = (E5*)(AE*) or X'ni^+j^h) = (Xl3+jY13){Xi2-
n = - I H A ' H - hence the ellipticity angle \ 0 of the eigenvector

sin2,\o =

A'?3

(2.36)

(2.37

and

The actual eigenvectors are given by

e\ —• (cos i'o cos xo - j sin ̂ o sin Xo)*' + (sin Po cos \0 + j cos v0 sin \0)h (2.38)

: = (-sinvocosxo + .? cos Vosin\oK' + (cos ti'o cos xo + j siavosin\o)h. (2.39)

Notice that changing the sign in the above equations 2.32, 2.33 and 2.36 corresponds to inter-
changing the eigenvectors for one another (and to reverse the sign of one of the eigenvectors
to maintain its orientation, has no effect on Stokes representation nor eigenvalues).

Introducing this solution into the expression for the total response, the result is

4JT(A'H + A'22 + J• A33 + 2A'i2 cos 2^o cos 2 \ 0

• A*33 ± ,x2
 2

+
A

A"2 + y ; ± -T-

2A'"13 sin 2vo co;

- ±
>s 2xo + 2^ 23 sin 2\o

•"33 \

)

= 47T(A'n + A» + A'33 ± + A + r2
2

3).
(2.40)

The positive (negative) sign in the solutions corresponds to the polarization giving maxi-
mum(minimum) total response. However it is often convenient to choose the eigenvector
that is closest to the vertical polarization (i.e. —7r/4 < Vo < f/4) as the first eigen polariza-
tion, irrespective of the maximum or the minimum of the total response.

As a special case we have to consider when £ = 0. Equation 2.29 governing the polariza-
tion angles of the eigenvectors becomes

— A sin 2^0 c o s 2\o + H cos 2i/>o cos 2\o = 0. (2.41)

This equation is always fulfilled when cos2\o = 0 or when \o = ±^r/4 (i.e., circular polar-
izations); the choice of %)$ is then arbitrary. However, when AH* is a real number or }'23 is
equal to zero (as in the case of a dihedral target), the equation is also fulfilled when

sin 2^o = i -

and
cos 2%)0 = ± •

(2.42)

(2.43)

since the ratios are real numbers. (Multiply the numerator and denominator with A* when
nonzero, otherwise it is obvious). Then xo can be chosen arbitrary, and the most natural
choice in this case is xo = 0.

The above expressions for %>o, can be used whenever V23 = 0, independent of S. For
nonzero E the ellipticity angle \o is equal to zero. When both A and E are equal to zero (as
in the case of a trihedral target) the choice of V>o ls arbitrarily; however, the most natural
choice is wn = 0.

12



2.5.2 Eigenvalues

Expanding the equation governing the eigenvalues we find

Ai = s , v 4 + 2svhcueih + Skhelh (2.44)

and
A2 = svvelv + 2svhe2t,e2h + shhelh. (2.45)

From equation 2.38 and 2.39 above we obtain

e\v = (cos i>a cos xo - j sin V»o sin xo)2

= cos2 ipo cos2 xo - sin2 ̂ osin2Xo - 2j cos vo sin vo cos xo sin xo (246)
\= \ cos2^o + \ cos 2xo - j \ sin 2wo sin 2xo,

e\h = (sin vo cos xo + j cos Vo sin xo)2

= sin2V'ocos2xo - cos2 Vosin2Xo + 2jcos^0sini'ocosxosin\o (2.47)
= - 1 cos 2^o + \ cos 2xo + j \ sin 2^o sin 2xo

and

- jsinv'osinxo)(sinvocosxo+icos^osinxo)
cos2xo+ sin2xo)+i(cos2^o-sin2^o)sinxocosxo (2.48)

= 5 sin 2^o + J I cos 2p0 sin 2xo •

Using the above expressions in Eq. (2.44), we obtain the following:

A] = £ cos 2xo + A cos 2^o + ^ sin 2ipo ~ j( A sin 2ipo — =• cos 2ii>o) sin 2xo- (2.49)

Since the eigenvectors are orthogonal to each other (i.e. t/>o —• ̂ o + tf/2 and Xo —• — Xo)

A2 = Ecos2xo - A cos 2^o - Hsin2vo — j(Asin2^o - Ecos2y>o)sin2xo- (2.50)

In the special case when l-o = 0, which is equivalent to xo = 0 we can write

A1T2 = E -

The above result is identical to the one obtained using the standard definition of the eigen
value problem without complex conjugation.

2.6 Scattering Cross Sections in Eigen Polarization Basis

The requirement that the eigenvectors are orthogonal (e*i • e\ = 0) and normalized (ei • ej = 1
and e2 • e\ — 1) implies that an arbitrary polarization (p) can be written as

p = a i e i + a 2 e 2 , (2.52)

where a\ — p- e\ and a2 = p • e\. Then the product between the scattering matrix ([s]) and
the column vector {\p)) of polarization components can be written as

[sJW = W(ai[ei] + o2[e2]) = ojA,^] + a2A2(e*], (2.53)

where [ei\,i = 1,2 denotes corresponding column vectors of the eigen polarizations.
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Consequently the co-polarized response ac is given by

z\\ + a2A2[pj
A;

= 47r(|ainA1|2 +
;A 2 )*

The polarization vector pj_ = ~a
2e"i + a*^2 is orthogonal to p since p]_ • p =

) • (aie*i + 02^2) = -02^1 +0102 = 0. Hence \p±] • \s]\p] = -
cross-polarized response is

(2-54)

and the

= 4Jr(ia1|2|a2|2|AI|
2-2»(afarA1A5)-l-|ai|2|a2|2|..2|2). ( 2 - 5 5 )

Adding the co-polarized and cross-polarized response together results in total cross section

aT =
= 47r[(|a1|

2| + l a ^ a ^ A , ! 2

= 47r(|ai|
2|A1|2+H2|A2|2)

It should be noted that p is normalized (p • p* = 1 = |<zj |2 -)-

|a2|2)|a2|2|A2

]
2 |A2 |2] (2.56)

2.6.1 Responses Represented with 'Local' Stokes Parameters

Introducing the local (in a similar sense to local time at a location on earth) normalized
Stokes' vector representation A' in the eigen polarization basis according to

1 \

u

| , | | 2 |
| a , | 2 - | a 2 [ 2

similar to the earlier section, the total response can be rewritten as:

Similarly the cross-polarized response is:

ax =

2.6.2 Relationship Between Local and Global Stokes Parameters

Evaluating \a\\2 with the aid of Eq 2.52

(2.57)

(2.58)

(2.59)

cos24>O cos
- c o s

= =(1 + q cos 20o cos 2xo + u sin

({u - jv}[sin2<j>o cos2\o + j sm2xo})+

cos 2*0 + vsin2xo);

(2.60)
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simila . for

=

+ \Pk\2e'lve\k

— j cos 2^o sin 2xo)+
•4(u - j i ' ) ( c o s 2vo + cos 2xo + j sin 2i>o sin2xo)+

- | ( « + jv)(— cos 2vo + cos 2xo - j sin 2t/o sin 2xo)
= i( - 9 sin 2^o + « cos 2vo)+

+J5(gcos2vosin2xo + u sin 2^o sin 2xo - vcos2xo).

(2.61)

Using the definition of A' we conclude that

.4' =

1 0 0 0
0 cos 2^o cos 2xo sin 2^o cos 2xo sin2xo
0 - s in2 i 'o cos 2^0 0
0 - cos 2^o sin 2xo — sin 2iyo sin 2xo cos 2xo

A. (2.62)

This expression can be rewritten as

A' =

1 0 0 0

0 cos2xo 0 sin2xo
0 0 1 0

0 - s in2xo 0 cos2\o

1 0 0 0

0 cos 2^o sin 2^o 0
0 - sin 2^0 cos 2^ 0 0
0 0 0 1

(2.63)

thus the transformation can be viewed as rotation with angle -2^o around the t'-axis followed
by rotation with angle -2;vo around the u-axis.

The reverse transformation from A' to A is then a rotation with angle 2xo around the
u-axis followed by a rotation with angle 2ifo around the v-axis

Expanding the above.

1
0
0
0

0
cos 2|/>o
sin 2^o

0

' 1

0
- sin 2^0
cos 2^o

0

0
0 cos 2rpo cos 2xo
0 sin
0

2^o cos 2xo
sin 2xo

0
0
0
1

1
0
0
0

0
- sin 2^o

CO

0

0

cos 2xo
0

sin 2xo

— cos 2

0 0
0 - sin 2xo
1 0
0 cos 2xo

0
Vo sin 2xo

- sin 2^o sin 2xo
cos 2xo

A'

A'. (2.64)

(2.65)

2.6.3 Extremes of the Responses

Examining Eq. 2.58 the total response has extremes only when A' = (1,1,0,0) and when
A' = ( 1 , -1 ,0 ,0 ) corresponding to A = (I,cos2tbocos2xo,sin2v>ocos2xo,sin2xo) and A =
(1, — cos 2^o cos 2xo, — sin 2^o cos 2xo* - sin 2xo) respectively, i.e. at the eigen polarizations.
The corresponding extreme values are 4TT|Aj[2 and 4TT|A2|2.

Substituting AiAJ in Eq. 2.59 with jAi||A2|e-'4* = |AiA2|(cos4<5 + jsin4<5), where 46 is the
phase difference between the eigenvalues,

(TX = *\{\\i\2 + |A2|2)(u'2 + v'2) - 2|A,||A2|3?([u'2 - v'2 - 2juV][cos46 + ; sin46])]
2 + |A2|2)(u'2 + v'2) - 2|A!||A2|{(u'2 - i;'2)cos46 + 2uVsin4<5}].

(2.66)
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The expression inside the curh {} brackets can be rewritten as {v! — v' )(cos2 26 — sin2 26) +
47i'r'sin2<5cos2<5 = (u'cos2<!>-t-r'sin26)2 - {—u'sin26 + v'cos26)2. Further it is easy to show-
that u'2 + v'2 - {u!cos26 + v'sin26)2 + (-u'sin26 4- v'cos26)2. Thus the cross-polarized
response is

ax = (-«'sin26 + v' cos 26)2 r'sin26)2].
(2.67)

The cross-polarized response has two zeros given by A'1^ = [l,1.0.0)T and A'Q2 —
[ l . - 1 . 0 ,0 j r (eigen polarizations); two maxima with equal magnitude 7r((Ai| + |A2|)2 at
-4'mi = [1,0,-sin26,cos2<5]r and A'xmi = [1,0, sin 2(5, -cos2<5]T: and finally two saddle-
points also with equal magnitude 7r(|Ai| — |A21)2 at A'xsX = [1,0,cos2(5,sin2<5]r and A'xs2 =
[1,0, -cos2(5, -sin2<5]T respectively. Notice that the polarization vectors in the (q'.u'.v')-
space representing the extremes of the same kind are opposed to one another, and those of
different kinds are orthogonal to each other. Since the transformation between (q',u',v')-
space and (q, u, v)-space is composed of rotations, the same holds in (<7,u,r)-space.

The co-polarized response ac is then given by

°e = trr - crA- = TT^CIAJ2 + |A2|2)
~(|Ai| + |A2 |)2(-u'sin26 + t/cos26)2 - (|Ai| - |A2|)2(u'cos26 + v'sin2«)2].

(2.68)
Introducing spherical coordinates according to u'cos26 + v'sin26 = cos<f>sin9,-u'sm26 +
v' cos 26 = sin 4> sin 9 and q' = cos 6;

(2.69)

(2.70)

The corresponding

-( |Ai | + |A2|)2sin2tf>sin20- (|Aj| - |A2|)
2cos2<i>sin20].

Using elementary trigonometric rules we can rewrite this as

<*c =

It is trivial to show that ac = 0 when cos<£ = 0 and cosÖ =
local Stokes vector representations are given by

+ A2

•4'Si =
|A 2 | - |A!

Si cos 26}T

and

= ( ! , •

• sin2é, —- • cos

respectively. Besides the zeros the co-polarized response has two other extremes coinciding
with the nulls of the cross-polarized response. The point corresponding to the eigenvalue
with the largest magnitude is a maximum; the other is a saddlepoint.

The response of a general target with complex Ai and A2 with a phase difference of 46 is
equivalent to a rotation of the response of a target with real eigenvalues l\ = |Ai| and l2 = |A2|
with the angle 26 around the g'-axis. In general, any response is given by a primary response
followed by three rotations around orthogonal axes. The first rotation is around the g-axis
(in the u — v plane) with angle 26, next around the u-axis (in the q — v plane) with angle 2^o
and finally around the t/-axis (in the q — u plane) with angle 2^o- The primary responses are
given by ax — 47r(A"n + A'22 + 2A'i2g), ac — 4TT(A'U + Ar

22 + 2A']2<7 - A'22w
2 - X\\v2), and

ax = 47r(A'22u
2 f X\\v2). Notice that the total response ar is independent of u and v, hence

it is a body of revolution around the g-axis. Also oc{q,V;v) = ac{q, —u,v) and ac{q,u,v) =
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2b

Trihedral Dihedral

Figure 2.2: Dimensions of a trihedral and a dihedral target

oc(q, u, -v) and the q - v and q-u planes are symmetry planes of the co-polarized response
ac- For the cross-polarized response we also have <?x(<l, ui v) = &x{~q, "> v) and thus also the
u - v is a symmetry plane of the cross-polarized response. When rotating the responses these
symmetry planes are also rotated, maintaining the symmetrical properties of the responses.

In conventional plots, these rotations and symmetries (except the one in the q — u plane)
is completely masked. However, by plotting 3-D surfaces in a Cartesian space spanned by
the (q,u,v) components these rotations and symmetries are clearly seen. In the following
section, polarization responses of point targets are shown.

2.7 Polarization Signatures for Point Targets

In the following sections the scattering matrices, modified covariance matrix and the corre-
sponding polarization responses are derived for some of the standard point targets. These
point targets are commonly used as reference targets for radar system calibration.

2.7.1 Trihedral Corner Reflector

The trihedral corner reflector is a target consisting of three right-angled triangular plates,
each with two sides of equal length I. They are joined together at right angles to each other
(see Figure 2.2). Its scattering matrix is

hi1
1 0
0 1

(2.71)

when it is illuminated normal to its aperture defined by the base plane of the three planes. A
small change of the illumination angle will alter the scattering matrix moderately. Eigenvec-
tors are directly inferred from the unit scattering matrix: ej = ii and €i = h (^o = 0, xo = 0).
The corresponding eigenvalues dre then Ai = A2 = T?J~I hence 6 = 0. Following the notations
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Figure 2.3: The co- and cross-polarized responses of a trihedral corner reflector.

introduced earlier,

v
A

i. i2

= J2L
7T

ariance matrix

2 4

1 i1T~

' 1
0
0

0
0
0

1
0
0

is

0
0
0

(2.72)

(2.73)

Co- and cross-polarization responses are

ax =

(2.74)

The trihedral reflects with the same linear polarization with which it is illuminated. It
alters the sense of right handed polarization to left handed and vice versa. The total power
scattered by the trihedral is independent of the illuminated polarization.

Polarization responses are illustrated as surfaces of spherical coordinates corresponding
to the Poincaré sphere in Figure 2.3. The transmitted polarization is represented in the
Cartesian coordinates

on a unit radius sphere. The equator of the sphere corresponds to linear polarizations, and
the north and south pole correspond to left handed and right handed circular polarization
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respectively. The received polarization is represented accordingly with

(qr,ur,vr) ~ (cos2^ rcos2\ r,sin2ivcos2xr,sin2x r). (2.76)

In the co-polarization case (qr, ur, vr) — (q*, u*, vl) and in the cross-polarization case (qT. uT,vr)
— (qt,ut,vt), i.e., the received polarization state resides in the opposite direction of the trans-
mitted state.

The corresponding normalized response is displayed with a point in the same direction
as the transmitted polarization, but on a radius with the magnitude of the respective cross
section, i.e.,

{qT\ urt, vTt) = <r(i/v, Xr, il>t, Xt)(cos 2ipt cos 2xt, sin 2ipt cos 2xf, sin 2\t). (2.77)

The total response is outlined with thinner gridlines and in this particular case the total
response is a sphere. The smaller panels to the upper left of each of Poincaré sphere are three
orthogonal cuts of responses, in the q — v,u—v and q - u planes, respectively. A thinner line
surrounding the orthogonal cuts represents the corresponding values of the total response.

Surface plots in the lower left are a conventional display of the normalized cross sections.
Notice the artificial exaggeration of the received power close to circular polarizations. This is
due to the fact that the poles in the (</,u,v)-space are mapped to lines in the (ip, x,<r)-space.
In the latter case, volumes under the respective responses are equal to one another. However
in the (q, u, t/)-space it is clearly seen that the volume cut by the co-polarized response is
much larger than that of the cross-polarized response. The actual value of the volume ratio is
3.2 to 1. This ratio is of no significance because total responses are computed by adding their
radii, not their volumes. In fact the sum of the volumes occupied by the co- and cross-pol
response is only 0.6 times the volume occupied by the sphere representing their sum.

2.7.2 Dihedral Corner Reflector

A dihedral corner reflector consists of two rectangular plates with the sides of length a and
26 (see Figure 2.2). They are joined together at the side of length 26 at a right angle. The
corner reflector is illuminated from the bisector between the plates and at a right angle to its
seam. The orientation of the seam in the plane of polarization is described with the angle tpd
from the local vertical direction. The scattering matrix of the canted dihedral is

Shv »hh

and the covariance matrix is

z =

cos2i/v o.̂ v̂̂ a (2 78)
s'm2i{Jd -cos°" '-- ' ' '

(2.79)
0 0 0

0 cos2 2i>d sin 2ipd cos 2il>d

0 sin 2 ; cos 2ipd sin2 2ipd

From the original equation governing the eigenvectors it is seen that ^o = i>d and Xo = 0 is a
solution to the problem. The corresponding eigenvalues are Ai = ^ p and A2 = — ̂ f-, thus
26 = 7r/2. Hence the responses of a dihedral are the same as that of a trihedral but rotated
first 90° in the u — v plane, then rotated 2 ^ in the q — u plane. The corresponding cross
sections are

ac = l ^ 6 ! ( 1 _ s i n 2 2^-V'd)coS
22x)

^ l (2-80)
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Figure 2.4: The co- and cross-polarized responses of a dihedral corner reflector oriented
vertically.

The role of the dihedral in the scattering process is to change the incident orientation angle V'
to 2y<f — t' keeping the ellipticity angle \ unchanged. The same amount of energy is scattered
by all polarizations.

Polarization responses for a dihedral which is oriented vertically are shown in Figure 2.4;
a dihedral oriented at an angle of 45° with respect to the vertical is shown in Figure 2.5.
Notice that the former normalized responses are identical to those of the trihedral rotated
90° around the q-axis, and the latter ones are further rotated 90° around the u-axis. From
these we also infer that it is not possible to distinguish horizontal from vertical orientation
of the dihedral, nor 45° from -45° tilted targets with the aid of the polarization responses.

2.7.3 Short Thin Cylinder

Let us consider a short thin conducting cylinder, with length / <C A and radius a <C / lying in
a plane orthogonal to the incidence direction and with its axis oriented at an angle i/>c with
respect to the vector v. The scattering and the covariance matrices are

C2 ,

Shv shh 3[ln(4//a) -
cos ' ipc sin ipc cos i/>c

sin %'c cos ipc sin2 ipc

and

Z r=
kil6

9[ln(4f/a) - I]2 \ cos 2i>c

i cos 2t/-'c
i cos2 2i>c

\ sin\
\ sin 2^'c cos 2V-V

^ sin 2ipc \ sin 2 %>c cos 2 ipc \ sin2

(2.81)

(2.82)

Thus t'o = vc and \o = 0. The eigenvalues are A] = 5 ^
is undefined, and this is revealed by rotational symmetry of all responses around the axis

T—rr and A2 = 0. Hence
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Figure 2.5: The co- and cross-polarized responses of a dihedral corner reflector oriented at
45°.

represented by the eigen polarization. The radar cross sections are

~ ^ ) c o s 2 * - \ s i

- Ik) cos2 2X)

cos2 2X~\ sin2 2x)

( w ) l
(2.83)

Scattering by a cylinder can be interpreted as follows: only the component of an E-field
parallel to the cylinder induces currents in the cylinder. Those currents in turn excite an
E-field in the same direction. Corresponding responses for a thin cylinder are displayed in
Figures 2.6 to 2.9 for four different orientation angles (0°, 45°, 90° and -45° with respect to
vertical).

2.7.4 Helix

The scattering matrix for a left handed helix is given by

and for a right handed helix

shv shh

sJit>

svh

1 -3
-j " I

1 3
j - 1

(2.84)

(2.85)
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Figure 2.6: The co- and cross-polarized responses of a thin cylinder oriented verticallj'.

CO POL RESPONSE CROSS POL RESPONSE

Figure 2.7: The co- and cross-polarized responses of a thin cylinder oriented at 45°
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Figure 2.8: The co- and cross-polarized responses of a thin cylinder oriented horizontally.

-4*-* (

xtr

CO POL RESPONSE CROSS POL RESPONSE

Figure 2.9: The co- and cross-polarized responses of a thin cylinder oriented at -45°

L
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where s is a function of frequency and the dimensions of the helix. Following the notations
introduced earlier,

(2.86)A1

-

s
~ 2

0
1

-3 _

and

A r

—

s
~ 2

' 0 "
1

j

(2.87)

The eigen polarizations are specified by \o = "V^ for the left handed helix and Xo = —K/4
for the right handed helix. The eigenvalues are given by Ai = s and A2 = 0 in both cases.
The corresponding covariance matrices are

and

0 0 0
0 1 j
0 -j 1

0 0 0
0 1 -j
0 j 1

The responses for the left handed helix are given by

f, (
fi = 7TS2 COS2 2\

f
= ns2(l +sin2x)2

and those for the right handed helix are

7f r =

af =

= 7rs2(2-2sin2x-cos22x) = -sin2x)2

cos2

afr = 7rs2(2-2sin2x).

These responses are shown in Figure 2.10 and 2.11 respectively.

(2.88)

(2.89)

(2.90)

(2.91)

2.7.5 Numerical Examples Illustrating the Effects of 6, \ and

Solving for the scattering matrix from eigenvector Equation (2.25) results in

\x 0
0 A2

2

Hh =

X2c'2h
2

(2.92)

Using the orthogonality of the eigenvectors, the above equation is rewritten in the components
of the first eigenvector as

(2.93)
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Figure 2.10: The co- and cross-polarized responses of a left handed helix.

CO POL RESPONSE CROSS POL RESPONSE

Figure 2.11: The co- and cross-polarized responses of a right handed helix.
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CO POL RESPONSE

Figure 2.12: Responses of a target characterized by

CROSS POL RESPONSE

= 1,A2 = l / \ /2,xo = OrV'o = 0.

Finall}', using the relations in Eq. 2.46 to 2.48 derived earlier, the eigenvector components
are replaced by the corresponding polarization angles,

shh

+ A2)(cos 2xo + j sin 2̂ >o sin 2xo) + (Ai — A2) cos 2^o
(Ai - A2) sin 2^o - i(Ai + A2) cos 2ipo sin 2\o
(Ai - A2) sin2ipo — j'(Ai + A2) cos 2^o sin 2xo

+ A2)(cos2xo + i sin 2^o sin 2xo) - (Ai - A2)cos2V'o

(2.94)

Hence it is possible to specify a scattering matrix for specified eigenvalues and eigenvectors.
To illustrate the rotations mentioned earlier, let us investigate the sequence of scattering

matrices given by Aj = 1,A2 = l / \ /2 , Xo = O,tp0 = 0; Ai = 1,A2 = j/y/2,\0 = 0,^0 = 0;
X\ = 1)A2

 = j/v2,Xo = f/^iV'o = 0; and Aj = 1,A2
 = j /v2 )Xo

respectively. The corresponding scattering matrices are given by „

4V2

and respec-
8

2-3
8

The three differenttively. The corresponding responses are shown in Figures 2.12-2.15.
rotations are examined by comparing the u - v panels of Figure 2.12 and 2.13, the q - v
panels of Figure 2.13 and 2.14 and finally the q - u panels of Figures 2.14 and 2.15. The
shape of the responses is conserved in the 3-D plots while the shapes of the conventional plots
are completely changed, except for the last rotation, which is shown as a translation.

It is noteworthy to mention the close resemblance of the cross-polarized response in Fig-
ure 2.12 with that of the trihedral in Figure 2.3, however the response of the trihedral is
exactly zero in the q - u plane while the other response is zero only at the g-axis and has
a small maximum at the w-axis in this plane. The magnitude of this maximum is a factor
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Figure 2.13: Responses of a target characterized by Ai = 1, A2 = j/\/2,xo = OT̂ o — 0.

k<ii7q V^J^*1

45

CO POL RESPONSE

Figure 2.14: Responses of a target characterized by

CROSS POL RESPONSE

= 1, A2 = j / \ / 2 , xo = TT/G^O
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Figure 2.15: Responses of a target characterized by Aj = 1,A2 = j/y/2,xo = T / ^ ' ^ O = ?r/6-

(1 - l / \ /2)2 / ( l + l/v/2)2 « 0.03 smaller than the absolute maxima at the t'-axis of this
response and hence it is hardly visible.

2.8 Distributed Targets

Distributed targets are targets composed of several small subtargets, such as rain, hail etc.
Even targets composed of large subtargets having several different scattering centers, such as
forest and rough surfaces are considered as distributed targets. For distributed targets, the
elements stJ of the scattering matrix are random variables with zero mean and a variance
(sijSij*) proportional to the illuminated area (A). In the scatterometer case A is determined
by the antenna gain and the incidence angle, and in the SAR case by the size of the res-
olution cell. In general (<rrf) = o®tA, where (• • •) denotes ensemble averaging and <rj?f is a
dimensionless characteristic of the medium. o®t is the traditional backscatter coefficient. Eq
2.21 implies that the co-polarized backscatter coefficient is given by

%{XU + A22 + A'33 + 2X12q + 2Xl3u + 2Ywv+
Xnv

2 - 2Ynuv - A'22u
2 + 2Yl3qv - A'

(2.95)

For a specific polarization state, the parameters q,u and v are fixed and by introducing

l and Y£ = ^^-, the co-polarized backscatter coefficient isA',° =

A'3°3 2X°n°nq
- A > 2 - 2Y?2uv -

Similarly the cross-polarized backscatter coefficient is

+ 2Y?2uv + X%2u
2 - 2Yl°3qv

(2.96)

- 2Xl3qu) . (2.97)
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Thus the total backscatter coefficient is given by

2A',°29 -r 2A'?3-u + 2Y2°3v) . (2.98)

The modified correlation matrix is then defined as Z° = (Z)/A. In the previous sections it
was shown that each point target response has one or two co-polarized nulls, and also they
have at least tv/o cross-polarized nulls. This is not generally true for a distributed scatterer.

Examining the expression for total response, it is obvious that it has a maximum value of

47r(A'|l1 + X$2 + A'SJ + lyjX^z + A'Jj2 + 12°3
2) f o r t n e polarization state defined by (q.u.r) =

» a n d a minimum value of 4*(X°U + A'J2 + A'£, - 2 / \ ' ° 2
2 + xtf + Y2f) for

(q,u,v) =
3
/ yO yO V*0 \

18' ll'aV •
i- Hence we could define ^o and \0 as in the earlier section. It

V « 13 M

is also obvious that it is rotationally symmetric around the axis defined by vo and \o-
Focusing attention on the cross-polarized response this can be rewritten as

L- = 4TT [ q v. v ]
^ 3 3

Y°
A 22 »12
•yrO v "

9
u
V

(2.99)

The three by three matrix in the middle of the right hand side of the above equation can be
diagonalized by solving for the eigenvalues (/*i, £t2 and Hz) and their corresponding normalized
eigenvectors (u»i,ttf2 and w$ respectively). Combining the eigenvectors as columns of a matrix
w, we obtain a unitary transformation matrix. Performing the transformation \q' v! v']T =
wT[q u v}T transforms the cross-polarized response as

\ =*•*[<{ u' v']
*i

0
0

0
fl2

0

0
0

g'
u'
v'

(2.100)

The eigenvectors are all orthogonal to each other, hence the cross-polarized response for a
distributed target behaves in essentially the same way as that of a point target, except that
the null response is replaced with a minimum.

The determinant of w is equal to one or minus one depending upon the order of the
eigenvectors. Let us order the eigenvectors so their corresponding eigenvalues have the fol-
lowing ordering 0 < fi\ < H2 < Hz- Notice that whenever w is an normalized eigenvector
then so is —w, so when the determinant is minus one, we can alter the sign of any of the
eigenvectors and force the determinant to be plus one. The unitary matrix w is then an
Euler transformation and can thus be rewritten as three successive rotations around three
orthogonal axes;

w =

For a point target ipx = i/>o and \x —

cos 2ipx

sin 2i>x

0

- sin 2tpx

cos 2ipx

0

0
0
1

cos 2 \ x

0

sin2xx

C
1

0

- s m 2 x i
0

cos 2xi

1
0
0

0
cos 26X

sin 26X

0
- sin 26X

cos 26X

(2.101)
oi but for a general distributed target these angles could

differ. The trace of any matrix is unchanged during a unitary transformation so

2.8.1 Decomposition of the Distributed Target Response

In order to physically interpret the response from a given distributed target, it is preferable
to reduce the response into a sum of simpler point target responses. The covariance matrix
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Z for a point target or an individual measurement of a distributed target is

Z =

Multiplying both sides with the feature vector

t

v

A (2.102)

E
A

E
A

E
A

E
A (EE* + AA* + HE'). (2.103)

The quantity EE* + A A* + EE* = A'n + A22 + A'33 on the right hand side is a real number
and hence it is an eigenvalue (denoted A) to the covariance matrix. Since EE* + AA* + EH*
is also the trace of the covariance matrix, the other two eigenvalues are zero, because the
sum of the eigenvalues is equal to the trace of the matrix. The feature vector if _in unnor-
malized eigenvector to the same matrix. This can be remedied by multiplying it by l/\/Ä.
The eigenvalue determines the magnitude of the response while the normalized eigenvector
determine its shape and orientation.

Averaging over several measured covariance matrices Z and dividing by the illuminated
area forms the correlation matrix Z°. In general there exist three Teal eigenvalues A° >
Ajj > A§ > 0 with three orthogonal normalized eigenvectors W\, W2 and W3 satisfying
Z°\Wi W2 W3] = [A?W'i A\W2 A°W3}. The condition that they are orthonormal can be
formulated as

w2 w3
= U\W> + W2W2

1 + = 1, (2.104)

where I is the 3 x 6 unit matrix. The covariance matrix can then be separated into three
submatrices as

Z° = [A?H', A°2W2 A°3W3] + + A°3W3Wl (2.105)

Each term on the right hand side corresponds to a point target response, hence a distributed
target response can be split into three point target responses, each with features examined
in the earlier section.

Using the orthonormal condition above we can also write

Z° = (A? - Ag^W'/ + (A° - Al)W2W} + Agl. (2.106)

The actual responses given by the last submatrix are crj- = l2i:A° , a% = 47rA;j(3 - q2 -
u2 - v2) = 8irA^ and a\ = 47rA;j(g2 +u2 + v2) = 4TTA3, hence all responses are spheres with
different radii. Since the other two matrices corresponds to point target responses, that are
larger than or equal to zero for all polarizations, we conclude that o\ > 127rAj, a°c > 87^3
and ab

x > 4TTA§ for any target and polarization.

2.8.2 Distributed Targets with Azimuthal Symmetry

For distributed target that are composed of symmetric subtargets with symmetry axes sym-
metrically distributed around the vertical axis, the cross-polarized «„/, measurements are
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uncorrelated with the co-polarized svv and s/,/,. Hence the covariance matrix is of the form

(2.107)
0 0 A3°3.

Hence the total response is

Z° = 0 _

0

i >
jY°

L'?2 + J
A'0

0

v°
M2

0
0

y (

A'3 3 + 2A'1 2g) , (2.108)

showing that tb'. maximum total response depends on whether or not (I*™!2) is larger than
(|s/i/i|2) for vertical or horizontal polarization, respectively. The actual maximum value of the
total response in this case is 47r(max((|st;v|

2), (|sh/l|
2)) + (\svh\

2))/A = max(o-°t,.<r^) + cr°h.

Cross-Polarized Response

The cross-polarized response is

r°. (2.109)

Solving for the eigenvalues of the matrix

' A'3°3 0
0 A'2°2
0 y,°2

yOr12
yO

(2.110)

yields MI =.• - - - , . -^H2 = (X°U + X°22)/2 - y/Y&2 + (X°n - X2°2)2/4 and M3 = (X°n + X°22)/2 +

V ̂ 'i°2 + i^u ~ X22)21^- The corresponding eigenvectors form the unitary transformation
matrix

w =

0
v,°,

Using the definition of the covariance matrix elements it can be shown that A°i + X22 =
j %{svvslv + shhs'hh), X^ - X%2 = 4 S[(%jJk)] and Y?2 = - \ fö[(sVvS*hh)]. Hence the
eigenvalues can be rewritten as m = \ {svfls*vh), M2 = j [{swKv + shhs'hh)/4 - |<*vt-*hh)|/2]
and fii = \ [(«W*TO + shhs'hh)/4 + l(st»t/5^)|/2]. Introduction of 6D according to (svvs*hh) =

simplifies the expression for the unitary transformation to

w =

1 0 0
0 cos 26o - sin 26o
0 sin 26o cos 26o

Hence the rotation axis of the total response is common to one main axis of the cross-polarized
response (the ^-axis) and the cross-polarized response is tilted around this axis with the angle
26O.
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Co-Polarized Response

Introducing the coordinates q',u',v' according to the coordinate transform \q' u' v']T =
w[q u v)T allows us to write the co-polarized response as

<T° = " H2U>2 ~ (2.111)

v'O 2 y-0 / r vO T 2

This expression has minima of ui + uo--1-12^ for fg'u'z''l = [— 1 - u -0±\ / l— —LL- I. No-
1 4 3 — i i I ^ ^ *• W3—Wl V I II3 — U ] I J

tice however that we have assumed that |A'j2| < /13 — Hi or (s«hsj)/,) < (svt.s*,, + sjl/,s^/l)/4 +
l(st)rSh/l)|/2-|(sVi.s;t,-sfc/,s|;h)/4| =min((s r t,s^),(shhs^))/2-f-|(svvsJh)|/2. If this relation
is not fulfilled no minima exist except at the main axis, i.e for vertical or horizontal polar-
ization. If on the other hand n\ — fi2 > lA'Ĵ I or (sr/iS*/,) > max((svvslv),(sflhs*hfl))/2 -
\(svvs*flll)\/2 the co-polarized response has maxima of ̂ 1 4-^3 + lJ for [q' u' v'} = [ ' u ±[

Eigenvalue decomposition

The eigenvalue decomposition of the covariance matrix renders A? = {X^ + A'22)/2 +

° = and
*0 i'O TI. J- • * • u fF- [A?-A'J, X°-jY° 0]T

A, = AV-i. The corresponding eigenvectors are given bv W\ = , 1 ,, »• .*» IS '
o o o"~~i (A'° +jY A —A 0 ]' "~~. .

H'2 = •; 1» U S It and M'3 = 10 0 1] . Using the above derived expressions,

we find that A? = ^ [ { s ^ C + shhs'hh)/2 + ^\(svvs'hh}\2 + (*„«;„ - ^ 5 ^ ) 2 / 4 ] , A° =

^[(sm .S ; t . + shhs*hh)/2 - y/KswS^l2 + («TOs^
are the expressions for the eigenvalues of the matrix

and A^ = 1 {*vh<h). These

1
2Ä

(2.112)
0 0

in fact this matrix is a unitary transformation of the modified correlation matrix Z°, since

( G Q~ \ II / C t;

\*ut>ÄM,/ « 1 / s ™ Ät;ii

2Ä

o
o

0 0 2{*vhS*vh) .

1

2.4

1 1 0
1 - 1 0
0 0 y/2

0 0 1

1

y/2svh

1 1 0
1 -1 0
0 0 v/2

(2.113)

72 "A °
o o 1

In the above derivation we have used the fact that cross-polarized elements are uncor-
related to the co-polarized ones. Assuming that \(slvshh)\ > 0, the eigenvectors of the

later matrix given in 2.112 can be chosen as W[ =
\ f \ h h \ h h

'''""'iili1 2AJ$-\ylv) °1T
 ancj w> - [0 0 l ] r . From the expressions for the eigenvalues it is
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concluded that 2AA°1-(shhs'hh) = (svvs'vv-shhs*hh)/2+]/\(svvs'hh)\
2 + {svvs'm - shhs"kh)

2/-i >

0 and that 2AA% - (swKv) = " ( ^ 4 ~ Skhs'hh)/2 - y/\{svvs'hh)\
i + {svvs*vv - sh / l7^)2/4 =

-2i4Aj - (s/,/,sJ|h) < 0. Hence the subresponses corresponding to the first eigenvector are
oriented the same way as the combined responses. The subresponses corresponding to the
second eigenvector are rotated 90° around the q-axis and mirrored in the u — v plane. The
third set of subresponses are the same as those for a dihedral oriented at ±45° (see Figure
2.5).

2.8.3 Statistical Properties of Distributed Targets

When a target is composed of several small targets with almost equal magnitude placed at
random positions, each measurement of a scattering matrix element is a complex random
variable with both the real and imaginary parts Gaussian distributed. The real part and
the imaginary part both have zero mean and they have identical variance. Further, they
are uncorrelated to each other. Such variables are referred to as circular Gaussian variables
with zero mean and variance twice the variance of the real and imaginary parts alone. Let
us introduce Zi = Xi + jyi as mutually independent ((ziZ%.) = 0 and (2,2*) = 0 when i ^ fc)
circular Gaussian variables with unit variance {(ziz*) = 1). The probability density function
Pz,(zi) of the complex variable Zi is je~'**' (i.e., the probability for the real part of 2, to lie in
the interval [x, x+dx[ at the same time as the imaginary part of 2, lies in the interval \y, y+dy\

^e~'2'l dxdy = £e~x ~v dxdy). The joint probability density function (pti,zk{zi,Zk)) of theIS

variables 2, and z* ispZipZk. It can be shown that the probability density function paZt+bZk(Z)

s i°i2+ifci2, when a and b are1of the variable Z = az\ + bz^ = X + jY is equal to

complex constants, and Zi is independent of z^. Hence Z is Gaussian distributed with variance
\a\2 + v •/. Further, the variables Z\ = auz\ +01222 and Zi — ai\Z\ +02222 are independent
of each ether when 011̂ 21 +012^22 = 0-

Principal Components

Introducing the variables 21,22 and 23 according to

22 =

' E '
A

allows us to write the feature vector of an individual measurement as

E
A

21

22

23

since

=

" 1
0
0

0
1
0

0 "
0
1

(2.114)

(2.115)

(2.116)
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The variables ;, all have unit variance and are mutually independent to each other, since

vv,f

21

22

23

21

22

23

t

/A\°2

. V ^ A I .

V

A 11 7ÄA?

(2.117)

1
0
0

0
1
0

0
0
1

A\°

These variables are the principal components of the scattering process described by the
correlation matrix Z°.

Standard Deviation of Covariance Matrix Elements

Hence E = vA(\/ A®Wi\Zi + \J A2W2i22 + y A3W3123) and A =

3223). The evaluation of Z12 = SA* becomes quite lengthy, but by introducing z[ and

z'2 according to z[ = Y./JA Z^ and z'2 = (A —

lz[ and A =

and both have unit variance.
From the definition of Z12 we have

= A 7°J- ! l2

, we can write E =

'2)- The variables z[ and 22 are uncorrelated

. 17° 7° - 1 7 0 12-' . '*y ^11^22 1̂ 121 "1*2 • (2.118)

The expectation value (Z12) is equal to AZ\2 as expected. The variance of the complex
variable Z 1 2 is <|Z12 - (Z1 2) |2> = A2 {\Zo

i2(\z[\2 - 1) + JZ°nZ°22 - \Z\2\
2z\z'2*\2). Expan-

sion of the expression renders var(Z12) = A2 {\Z°n\
2{(\z\\2 - I)2) + [Z\2[z\z'2 {\z\\2 - 1)) +

Z\2*{z[*z'2{\z[\2 - 1)))yJZ\xZ\2 - IZ°21
2 + (Z°jZ2°2 - |Z?2|

2)(|2;22*|2). The expectation value
of (\z[\2 - I)2 is unity and so is the expectation value of |2i|2|22|2. The expectation values of
the other mixed products are all zero. Hence the variance is equal to A2 Z^Z22, independent

of the value of Zf2- The standard deviation of Zi2 is thus AJZfyZ^.

The variance of the real part A'i2 of Z i2 is achieved from A2 ((A°2(|zi \2-l)+JXii X22 - \Z\2\
2

W1Z2*))2) = A2 (*i°22((l2il2 ~ !)2> + ( A ' n 4 - |Z?2|
2) ([3?(zi22*)]2)). The variance of the

real part of the product z[z'2* is exactly half the total variance of the product. Hence the
variance of A'i2 is equal to ,42[A'i2 + ^ ( ^ n ^ - |Zi°2|

2)]. Similarly the variance of the
imaginary part Y12 is ^ [ F ^ 2 + \{Z\XZ\2 - \Z°2\'%

By forming similar pairs of independent variables, we can show matching relations for
the other elements of the covariance matrix. These are condensed in SD(Zjfc) = A

SD(A'ik) = AyJxtf + \XlX°kk{l-a\k) and SD(Flfc) = A^Yt°k
2 + ^X°kk(l - a2

k) respec-

tively, where SD is the standard deviation. The coefficient Q ^ = , i)i . is the correlation
VXuÅkk

coefficient between F, and F^ (F = [E A z\T)- It is noteworthy that the standard deviation
of the real and imaginary parts of the covariance matrix elements is always larger than or
equal to the magnitude of their respective expectation values.
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Probability Density Functions

Normally the expectation values Zfk are not known, but they are estimated by averag-
ing over a large number (N) of independent samples of the covariance matrLx, i.p., Zfk =
~k 5Zn=i Zik{n)/A. Adding N independent samples will increase the variance by a factor A7

and scaling with N will decrease the variance with l/N2, hence the variance of the averaged
variables will be scaled by N. The standard deviation of the averaged variables will thus

be scaled by a factor v/Ä\ i.e., SD(Zjk) = ^ SD(X[k) = a n d

SD(y°) = N

Introduction of the normalized variables fa = xk, it and %* = } gives
ifcv..Afck

{fa) = aik and (rjifc) = 0. Further the standard deviations of the N point averages of f,-*

and 77jjt are given by SD(^fc) = V " 4 ^ anc^ ^ ^ ( ^ ) = V ^ ' * respectively. The parameters
£ik and 7jjfc are uncorrelated to each other but they are generally not independent. The
probability density functions of the above parameters are derived in Appendix D, and the
results are given below.

The probability density function of fa is given by

and the one of 7/,* is
2i

7T-.
2'

T} < O

« 7] > O .

Similarly the PDF:s of the N point averages of fa and 77̂  are given by

n=0

and

respectively.

4"n!(A"-T-n)!(Ar - 1 ] !
2W£

- /Vi ^ ' - l - n 2 N v

_ e > A : : ; S , > 0

(2.119)

(2.120)

(2.121)

(2.122)

Normal Approximations

Due to the central limit theorem, above probability density functions approaches the Gaussian
distribution when N is increasing, i.e.,

N

and

(2.123)

(2.124)
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Figure 2.16: The probability density functions of the normalized parameters £ (a) and r\
(b). The correlation coefficient Q is equal to 0.9 and the solid curves shows the proper
probability density functions for N = 1,2,4,8,16 and 32 respectively. The dotted curves are
the corresponding normal distributions with the same average and standard deviation

-1 0 1
Real part of normalized variable

-1 0 1
Imaginary part of normalized variable

Figure 2.17: Same as Figure 2.16, but for a = 0.5

respectively. Figures 2.16 to 2.18 shows the probability density functions for three different
values of a and for six different values of N. As seen in the figures, the normal distribution
is a good approximation when N is larger than 8.

Since £ik and rjik are uncorrelated to each other, they become approximately indepen-
dent when Ar is large. (Two uncorrelated Gaussian variables are independent.) Their joint
probability density function is thus approximately given by

N -N

l\ - Q«fc7T

(2.125)

Phase Statistics

For targets with azimuthal symmetry, it was shown in an earlier section, that it is the phase
angle of (svvs^h) that determines the tilt of the responses. Thus the phase difference between
the VV and HH components of scattering matrix is an important physical parameter. The
statistics of this phase difference have been derived by Lee et al. in [21]. The result is given
as a hypergeometric function. Above approximation provides a useful approximate PDF of
the phase angle by substituting £ = pcosö and r\ = psin<? and integrating over p. In this
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Figure 2.18: Same as Figure 2.16, but for a = 0.0

b
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Phase difference (radians)

- 2 - 1 0 1 2
Phase difference (radians)

Figure 2.19: Probability density functions of the phase difference between th^ VV and HH
components of the scattering matrix. In (a) the correlation coefficient is 0.9 and in (b) it is
0.5

case p —
SvvSl and 8 = ). The result of this manipulation is

27r(l-a2cos2(9)
(2.126)

where 0 = and erf((3) is the error function defined by erf(z) = -4- Jo e~l dt.

The parameter a is given by . Figure 2.19 shows the approximate PDF for

a = 0.9 and Q = 0.5 and for N = 1,2,4,8,16 and 32. Also the true PDF's given by Eq.
(21) to (24) in [21] are shown as reference for iV = 1,2 and 4 as dotted curves. As seen the
agreement between the approximate and true PDF's is quite good already for N = 4 in both
cases.

The above results are also applicable in the case of interferometry, where two SAR images
of the same area taken with the same satellite at two different occasions and locations are
compared. The phase angle of the correlation coefficient between the pixel values of the
complex images is then proportional to the surface height. From above it is shown that
the accuracy of the phase angle estimate and thus the height estimate, can be improved
by averaging the complex correlation coefficient over a larger number of pixels when the
correlation is poor, rather than averaging the phase angles of the corresponding pixels.
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Orientation Angle Statistics

For a target with azimuthal symmetry the variance of A'12 is given by ~[A'^"+A"^ A'22 ~ 1 "12 ]
and the variance of A'13 is given by 4-A'fj A'33 since Z°3 = 0. Thus the variance of the complex

variable A"12 + jA"i3 is equal to ^[A'?2
2 + A'^A*^ + A'f3) - V^2]. The argument of this

variable is identical to 2^o representing the orientation angle of the polarization state giving
maximum total response.

In the above, it was shown that the correlation coefficient a^ is given by the magnitude
of the expectation value divided by the complex standard deviation of Z&. The PDF's of
A"i2 and A'n are scaled versions of the PDF's of £ and 77 respectively. Further are A'12 and
A'13 uncorrelated to each other. Hence the PDF of 2iPo is the same as the PDF of 9 with

Q = V2\X°12\/^X°i2
2 + X°n(X$2 + At,) - r°2

2 when X°2 > 0.
For negative X°2 the PDF has a minimum for Vo = 0 and maxima for il'o = ±TT/2, i.e.

either the scatters are predominately horizontally oriented, or the dihedral or double bounce
scattering is dominant, since the HH scattering component is larger than the I T component
for a dielectric soil surface. In both cases we expect the soil surface to be horizontal rather
than vertical. Therefore it is more accurate to use 2^j = arctan(A'i3/A*i2) rather than
2^o = arg(A"i2 + jA'13) as a measure of the target orientation (along track surface slope).
The PDF of ip\ is obtained from the PDF of po by restricting the interval of ^1 to be
] — TT/4 TT/4] and adding the probability density for negative /? to the one for positive 0, i.e.

(2-127)

with 3 — Za'j cos2t ' in this case and Q given bv the expression above.

The co-polarized response of targets with azimuthal symmetry is given by

a°c = 47r(A-f, + A'2°2 + X°3Z + 2X°nq - A > 2 - 2Y\°2uv ~ A'2V - X§3g*). (2.128)

Rotating the coordinate system with angle 7 around the f-axis corresponds to a rotation of
27 around the r»-axis in the (g,u, v)-space which render

0% = (Ar?! + Xl2 + A'̂ 3 + 2Arf2(g'cos27 - v! sin 27) - X^v2

(2.129)

Thus a target having a symmetry axis other than the vertical will have a co-polarized response
given by

a°c =
(2.130)

where the primed coefficients are the ones in the rotated basis and 7 is the orientation angle,
denned as the angle between the projection of the symmetry-axis into the plane normal to the
incidence direction and the -t>-axis. This symmetry axis is for instance the surface normal of
a sloping rough surface. The slope does not alter the physical properties of the target but it
does change the measured responses. In order to accurately interpret the physical properties
of the target, one should therefore correct for the slope. This can be done by rotating the
basis according to the previous expression.
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Expansion of above expression and identification with the general expression for the co-

+ Apolarized response shows that X'°n = X^X'°22 + X'°33 = A'2°2 + A'2°2, A"?/ = A'x°2
2 ^

and Y'°u
2 - yj°2

2 + Y?3
2. Therefore the above expression 2.127 for the PDF of vi is valid

with a = \J2{X»2
2 + X°3

2)/yJx°2
2 + X J V + A ' ^ A ^ + A'3°3) - Y°2

2 - Y?3
2 and v replaced

with ib — 7. The angle 7 is given by a.Tctan(X®3/ X°2) /%•
The latter expression is valid also for targets without any symmetry axis, e.g. forest on a

sloping surface with vertical trees, the angle 7 is then not necessarily directly related to the
surface slope.

Alternative Orientation Angle for Low Correlation

When the correlation coefficient a is small we could have target a with a spherical total
response. For such point targets we were able to define a orientation by identifying the
zeros of the cross-polarized response in the u — t/-plane, e.g. in the case of a dihedral. For
a distributed target, we could use the corresponding minima instead. The cross-polarized
response in the u — v-plane is generally given by

a% = 4n(X$2u
2 + 2X$3qu + X$3q

2). (2.131)

Rotation by the angle 7 render

a°c = 47r([(X2°2 + A°3)/2 + (A'2°2 - X°3)/2cos 4 7 + A'2°3 s in47]u '2+
+ [X2

3
3cos47 + (A'2

0
2-A'3D

3)sin47]gV+ (2.132)
+ l(X°22 + X3°3)/2 - (X2°2 - A-3°3)/2cos47 - A'2°3sin47ig'2).

Thus choosing 47 as the argument of A'22 - A'33 + 2jAr
23 we will have a minimum for (q1, v!) =

(1,0). The variance of the corresponding variable A22 - Ar33 + 2jA'23 is given by A'22 + A'33 -
2|Z2

2
3| + 2(X2°3

2 + X2°2X2°2 - y2
0
3
2) = (A^ + X3°3)

2 - 4F2°3
2. Thus the correlation coefficient is

given by a = / ' ^ - y ^ and the PDF of the estimate i/> = 1/4 arg(A*» - -V3
V 22 3 3 2 3

is given by appropriate substitutions in 2.126. For targets having a symmetry axis the angles
\ arctan(A73/A'?2) and \ arg(AT2

D
2 - X$3 + 2jX$3) coincide, but the statistics of their estimates

differ. With identical correlation coefficients the latter estimate has a narrower distribution.
However, when the correlation coefficient is high for the former estimate, this estimate is more
accurate for target orientation, since it takes into account for eventual nonzero ellipticity angle
of the maximum of the target response. Such targets have a helicity matching the incident
wavelength and direction.

2.9 Summary

In this chapter the theory of polarimetry and polarization synthesis was investigated. It
was shown that any point target can be characterized by the single nonzero eigenvalue of the
covariance matrix, the complex ratio between the Kennaugh eigenvalues, and the polarization
states of the eigen polarizations. The eigenvalue of the covariance matrix is given by the sum
of the magnitude squares of the scattering matrix elements, and is equal to the sum of the
magnitude squared of the Kennaugh eigenvalues. The magnitude of the ratio between the
eigenvalues determines the angle between the co-polarized nulls on the Poincaré sphere and
also the ratio between the nonzero extrema of the cross-polarized response. The argument
of the same ratio determines the angle between the meridian passing through the point
representing the eigen polarization state and the grand circle passing through the points
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representing the co-polarized nulls. The cross-polarized maxima lies on the same grand circle
at right angles to the eigen polarization points, representing cross-polarized nulls. The cross-
polarized and co-polarized nulls forms the Huynen fork, which was described by Huvnen in
[12], however he didn't specify the orientation of this fork properly, he only specified the cone
on which the co-polarized nulls resides.

Further, it was shown that any distributed target response can be decomposed into three
point target responses. These are derived from the eigenvalues and eigenvectors of the co-
variance matrix. Also statistics of the covariance matrix elements of distributed targets were
derived. Normal approximations was utilized to get simplified expressions for the phase and
orientation angles distributions. These can be used for error estimates of the derived surface
slope in the case of polarimetry and of the derived surface height in the case of interferometrv.
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Chapter 3

System Description and Basic
Signal Processing

3.1 Introduction

This chapter describes the general layout of the scatterometer system. It also gives an
introduction to network analyzer measurements and frequency to time domain conversions
used to calibrate the system and to extract significant data. The scatterometer is a network
analyzer-based system [10] and is capable of measuring both the magnitude and phase of the
scattered wave. The microwave signal generator and the processing equipment are housed
in a measurement van. A dual-polarized (vertical and horizontal) antenna with parabolic
reflector is placed on a trailer-mounted mast of height 27 meters. The network analyzer and
the antenna feeds are connected via a long, low-loss, flexible cable and a super-flexible cable
to enable scanning of the antenna system. A scatterometer system block diagram is shown
in Figure 3.1. The fully polarimetric scatterometer is transportable.

The frequency of operation with the current configuration is between the L- and X-bands
and is limited only by attenuation due to long cables. A portable Macintosh computer is
used to control the scatterometer system interactively and/or automatically. Also, the data
are archived using the same portable computer. A video camera system is used for visual
documentation of the scene characteristics.

The scattering medium is treated as a two-port device in the measurement configuration
such that each port represents either horizontal or vertical polarization. In place of an
ordinary device a pair of crossed log-periodic dipole antenna with a parabolic reflector of
diameter 0.9 m is connected to the S-parameter set. The antenna system is designed to
operate between 1-18 GHz. The vertically oriented dipole array is connected to Port 1
through a 35 m long flexible cable and a 2 m long super-flexible cable. The horizontal dipole
array is connected to Port 2 through an equivalent set of cables. The signal from a frequency
source (HP 8341) is coupled to free space through the antenna to illuminate the target.
The backscattered signal from the target is simultaneously received with the same dual-
polarized antenna system at both polarizations. A network analyzer (HP 8510B) channels
the signal either to Port 1 or Port 2. It also detects both the reflected and transmitted
signals and converts them from analog to digital format. The complex ratio of the converted
data is calculated and some corrections are made. The corrected data are archived using a
Macintosh computer. An external computer is used to compute the covariance matrix of the
distributed targets. Fading in the distributed target environment is reduced by averaging the
radar returns from non-overlapping footprints and/or non-overlapping frequencies.

Ranging capability is added to the system by transforming frequency domain measure-
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Figure 3.1: System block diagram
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ments to time domain via fast Fourier transform methods. Using the range information, the
radar returns from different locations within a particular random medium (for example, a
vegetation canopy) can be resolved. The measured covariance matrices of distributed targets
are adaptable for analysis with various model results. Covariance matrices are also amenable
to a polarization synthesis approach to retrieve physical parameters of vegetation and soil
media.

3.2 Network Analyzer System

The kernel of the scatterometer is an HP 8510B network analyzer system. The network
analyzer has a number of subsystems. It functions as a transmitter and receiver unit and
also serves as an analog to digital converter. Figure 3.2 shows the network analyzer block
diagram. The HP 8510B is a microwave vector analyzer capable of detecting the complex
S-parameters of an arbitrary 2-port network.

The network analyzer is composed of three subsections and their individual functions are
described as follows. The first section is a control and display unit; it governs the entire
HP 8510B network analyzer. It converts analog signals to digital data, discerns internal
corrections of the digital data and displays the same on a screen in a preferential format. The
control unit can be operated interactively or remotely using an external controller through
an HPIB-interface. The second unit is an HP 8341B synthesized sweeper which operates as a
transmitter unit. It generates sinusoidal signals in the frequency band between 10 MHz and
20 GHz with an accuracy varying from 1 to 4 Hz. The transmitted power could be varied
between -50 to 15 dBm. The frequency of operation and output power level are monitored by
the control unit. The transmitted signal is directed through a short cable towards the input
of the third unit, namely an HP 8514B S-parameter test set. This serves as a signal path
selector, receiver and frequency converter. The down-converted signals from the S-parameter
test set are detected by the control unit.

3.2.1 S-parameter Measurements

In general, a network could be represented in several different ways to analyze the incident and
scattered signals. One of the most popular descriptions is the S-parameter representation.
(This is sometimes referred to as a scattering matrix representation, see for instance [8],
but it should not be confused with the scattering matrix representation for the scattering
by point targets described in the earlier chapter.) The S-parameter representation defines
the relationship between incoming and outgoing sinusoidal waves at ports connected to the
network. A port is defined as the plane perpendicular to a transmission line with single
frequency and single mode propagation. The transmitted field at port number T and the
received field at port V can then be characterized by the complex normalized waves aj and
6r respectively. The relationship between the output wave at port V and the input waves at
ports T can be written as

bT = £ Srlat T = l . . . . , n (3.1)

where Srt are the complex S-parameters and n is the number of ports. S-parameters are
generally a function of frequency and are a generalized form of the transfer functions that
are used to characterize systems in standard signal processing theory. For a general 2-port
device the S-parameter relationships are

— S\\Q.\ + S\2<l2 (12)
= S21ÉI1 + S a
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Figure 3.3: S-parameter flowchart.
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Figure 3.4: S-parameter test set.

and they are illustrated with a flow chart in Figure 3.3.
In practice, it is not possible to measure wave amplitudes at the reference plane directly.

As an alternative, we measure equivalent signals that are related to the true waves in an
invertible way. This is accomplished by the network analyzer with the aid of the synthesized
sweeper and the S-parameter test set shown in ^igure 3.4. The transmitted signal from
the synthesized sweeper is directed by a switch, either toward the path leading to Port 1
(forward) or the path leading to Port 2 (reverse). Each path contains a power divider that
separates the signal into dual subpaths. One of the subpaths leads to the reference signal
detectors (a\ and a-i respectively) and the other one is linked via an attenuator (not used
for passive devices) and a directional coupler to Port 1 or 2 respectively. The signal at a\ is
proportional to the signal launched from Port 1 toward the device, when the switch is in the
forward direction. Similarly the signal at a? is proportional to the signal launched from Port
2 when the switch is in the reverse direction. The device is connected between Ports 1 and
2. The directional couplers sense the signals reflected by or transmitted through the device
and they are relayed to a test signal detector {b\ and 62).

The four signals 01,02,^1 and &2 a r e down-converted to an intermediate frequency of 20
MHz via a phase locked loop (also controlled by the control unit), containing a harmonic
generator. The converted signals are then directed via cable to the control unit where both
the amplitude and the phase of one reference signal and one test signal are detected. For
both S\\ and S21 measurements, the switch is in the forward direction and a\ is selected as
reference. For S\\ measurements, b\ is selected as test signal and the forward reflection from
the device is measured, for S21 measurements 62 is selected and the forward transmission
through the device is measured. For both Su and for 522 measurements, the switch is in the
reverse direction and 02 is selected as reference. For S12 measurements, 61 is selected as test
signal and the reverse transmission through the device is measured and for S22, &2 is selected
and the reverse reflection is measured. The complex ratio between test and reference signals
is calculated in all cases and is stored in raw data arrays. These S-parameter data arrays
could either be displayed or sent to an external computer directly, or they could be corrected
internally for channel imbalances and crosstalk before display and transfer.
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Figure 3.5: Error terms flowchart.

3.2.2 Internal S-parameter Test Set Calibration

Although the signal paths are carefully matched both in electrical length and in attenuation
the ratios mentioned above are not true representations of the S-parameters for the device
under test. Hence some error terms are introduced according to the schematic diagram in
Figure 3.5. In the forward direction the directional coupler not only detects the signal arriving
from the device but also a part of the transmitted signal (directivity, EDF)- Also the ports
are not perfectly matched, hence a part of the incoming signals from the device is reflected
back to the device again by the S-parameter test set at both ports (source match ESF and
load match EIF). There is also an imbalance between the signal paths mentioned earlier
(reflection tracking ERF a nd transmission tracking ETF)' Finally the test signal paths are
not perfectly isolated from each other (crosstalk EXF)- These six error terms quantify the
imbalance and crosstalk between test and reference signal paths.

There is also an equivalent set of error-correcting terms for reverse flow of signals defined
in a similar way as for the forward flow of signals. The error-correcting coefficients with
subscript R refer to reverse flow of signals (Figure 3.5). Thus in total there are 12 (2 times
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6) error terms and they depend on the frequency of operation.
All of the twelve error terms need to be determined in order to correct for their influences

on test signals. The error terms can be determined by several different schemes. Here we
have used a procedure called 'full 2-port calibration'. Three different one-port standards
(open 5 = 1 , short 5 = —1 and load 5 = 0) with known S-parameters are measured by
connecting them to each port in turn. Then the ports are connected directly to each other
(thru, 5n — 522 = 0,Si2 = 52i = 1) aQd aU four S-parameters are measured. Finally
matched loads are connected to each port and the parameters 512 and S2i are measured.
Using the above-described twelve measurements, the error terms are calculated. Calculations
are performed by the network analyzer and the results are stored as calibration-sets (cal-sets)
in the internal memory of the network analyzer. Cal-set files contain the error terms as a
function of frequency. Cal-sets normally have 12 complex error terms for each frequency
sample in a frequency band. The internal memory can hold four different cal-sets with
801 samples each or eight cal-sets with 401 samples or less. Each cal-set is specific to the
frequency and to the adaptors used to connect the device. Therefore the frequencies at which
the calibration was performed, are stored together with the error-terms. Selecting a cal-set
automatically sets the network analyzer to operate at the specified frequencies. The network
analyzer will then use the calculated error terms to correct the measured 'raw' S-parameters
to give the actual S-parameters of the device that is connected between the ports at that
time.

3.3 Signal Processing

Network analyzer measurements are performed in the frequency domain; i.e., the frequency
is incremented between successive measurements. The main advantage of this procedure is
that only narrow band signals are needed, allowing the usage of extremely narrow band filters
in the receiver chains. Also, lower noise levels due to narrow band signals boost the signal-
to-noise ratio for the given transmitted power. However, in radar measurements, different
echoes are separated by different time delays. Hence there is a need for converting the data
to time domain. This is done with Fast Fourier transform (FFT) methods. The chirp-Z
transform provides a zooming capability in the time domain response. FFT methods create
range-sidelobe artifacts. These can be reduced by proper weighting of the frequency domain
data; this procedure is called windowing. Furthermore, the gating procedure is used to
'filter' out the frequency domain data within specified range limits. The above-mentioned
signal processing operations are described in the following sections.

3.3.1 Fourier Transforms and Fast Fourier Transform

In general time domain measurements v(t) are related to frequency domain measurements
V(f) through the Fourier transform pair

v{t) = f V{f)e?2*ftdf (3.3)
— 00

V{f) = I v(t)e-j2*ftdt (3.4)

and

where V(f) is known as a continuous function. However, when frequency domaii data are
given only for a finite number (F) of frequencies fk — /o + kAf for k = 0 , 1 , . . . , F - 1 , the
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data can be transformed to the time domain by finite inverse Fourier transform methods.
The finite inverse Fourier transform S(t) of an arbitrary set of S-parameter data S(fk) is
defined as

S(t) =
1

F - l

F - 2

(3.5)

for an odd number F (the HP 8510B allows the collection of 51, 101, 201. 401 or 801 points).
This definition differs from the standard definition for the even number (F — 1) of points in
such a way that the end points are weighted with a factor 1/2 instead of using only the first
point. The above formula could be derived from Eq. 3.3 by replacing the continuous function
V(f) with a sum of Dirac delta-functions according to

£S(/o)«(/ - /o) + F±2S(fk)6(f - fk)
fc=i

. r, f-2

k=\

(3.6)

The Dirac delta-function 6(x) has the following properties: 6(x) = 0 when x ^ 0, / 6(x)dx
—oc

oc

1 and / f(x)6(x)dx — /(0) for any continuous function f{x).
— oc

Replacing t with t + -£j in Eq. 3.5, we obtain.

/c=0

(3.7)

where
[ 1 / 2 * = 0

W'(*) = { 1 /t = 1,2 F - 2
I 1/2 *• = F - 1 .

Thus S(t) is periodic with period I /A/ , if /o is a multiple of A/ (otherwise the magnitude
is periodic).

When S(t) is to be evaluated for several equally spaced time ticks, lie above mentioned
sum could be calculated for each time tick in successive order. This procedure is very slow.
The X point inverse fast Fourier transform (IFFT) provides a faster method for simultaneously
calculating the finite inverse Fourier transform for equally spaced points in time (t = ;
for n = 0 , 1 , . . . , Ar - 1 where At = 7737).

The standard definition of the IFFT is

v{n) = jf
k-0

TI = 0 , 1 , . . . , JV - 1

and the corresponding FFT (fast Fourier transform) is

V{k)= £ v(n)e->2*nklN k = 0 , 1 , . . . ,JV - 1 .

(3.8)

(3.9)

There are algorithms available for any N. but the FFT and the IFFT are considerably faster
when N is a product of only small prime factors and fastest when N is a power of two.
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Comparing equations 3.5 and 3.8,

fc=o
71 = 0 . 1 , . . . , A ' - 1

where

V(k) = \

when N > F - 1 and

' S(/0)eJ27r/°£°/2 Jfc = 0
S(fk)ej2*/kt0 * = 1,2, . . . ,F- :
S{fF-i)ej2*fF-it0/2 k = F - 1
0 jfc = F,..., A' - 1

r-^ 12 k = 0

(3.10)

(3.11)

(3.12)

when Ar = F - 1 , since eJ
2*(F-1)n/Ar

 t j j e n eqUais 2 for a]] n . Hence the finite Fourier transform
could be calculated in three steps. First, premultiply the S-parameter data by e]:v^kt° and
premultiply the first and the last element by the constant 1/2. If Ar = F - 1, add the
premultiplied last element to the first one and discard it, else extend the original vector with
N — F zero elements (i.e zero padding). Second, perform an inverse fast Fourier transform,

and third, postmultiply the resulting time domain data by the factor F_:—•

3.3.2 Circular Convolution

The IFFT has the following interesting property. Inserting the expression for v(n) from Eq.
3.8 into Eq. 3.9, we get

V(Jfc) = L 7? L
n=0 1=0

(3.13)

= V(k) k =

The last equality is due to the fact that

Ar

A ' - l

£ 1 =
n=0

(3.14)
n=0

Consecutive operations of FFT and IFFT restores the original values. A similar result is
obtained by inserting Eq. 3.9 into Eq. 3.8, proving that the reverse is also true.

Examining the product x(n)y(n), where x(n) is the IFFT of X{k) and y(n) is the IFFT
of Y(k) according to Eq. 3.8, we see that

x{n)y(n) =

= (j= (jr t
fc=o

k=0 1=0
, A ' - l f k

jfc E E x(i)Y(k -
fc=o L'=°

, T, A ' - l / k

JT\7fT. [Y.XW(k-
, k=0 \t=D

l=k+l

• V X(l)Y(N + k-
l=k+l

X{l)Y{N + k-l)

(3.15)
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The above product is the IFFT of the circular convolution

X(k) * Y(k) = £ X(l)Y(k -l) + A f ' X(l)Y(N + k-l) k = 0.1 A' - 1 (3.16)
/=o i=k+i

multiplied by jr.
From the above it is shown that any circular convolution Z = X * Y can be performed by

transforming the two vectors A' and Y into time domain vectors x and y by IFFT, calculating
z(n) = Nx(n)y(n), n = 0 , 1 , . . . , N - 1 and transforming z back to the frequency domain by
FFT.

Similar calculations for the product X(k)Y(k) where A'(fc) and Y(k) are the FFT of
x(n) and y{n) respectively, show that this product is the FFT of the circular convolution
x(n) * y(n). Thus taking the IFFT of the product of the time domain vectors FFTsis an
alternative way of calculating a convolution. The above-mentioned procedures are equal in
their effect, but the actual choice is dependent upon whether time domain data or frequency
domain data are to be convolved.

3.3.3 Chirp-Z Transform

The chirp-z transform provides a possibility for zooming into any arbitrary part of the time
domain response by calculating S(to + mAt) for m = 0 , 1 , . . . , M - 1 for any arbitrary t0, At
and M via a convolution

<);2i[m/oAf+(m2/2)A/A(] F-l

S(t0 + mAt) = — — £
F l k=0

where V{k) is defined as in Eq. 3.11 with A' = F. This convolution is derived from the

Bluestein identity mk = ^-^—~'m~ ' , and can be performed by Fourier transform methods,
as mentioned earlier.

The length of the vector is selected such that N > F + M - 1 and the vector A' is zero
padded as,

x(k) _ / V(k)ei*'W<2m k = 0,1...., F - 1
A ( / C ) - \ O k = F,...,N-l. ( 3 ' 1 8 )

Also the vector Y is defined as

e-j2**t±f[k*/2) it = 0 , 1 . . . . , A/ - 1

Y(k) = { 0 k = M,...,N-F (3.19)

= N - F+1,...,N - I .

The above vectors are convolved according to Z = Ar FFT(IFFT(A')IFFT(V)), and the first
M elements of Z are multiplied by

ir(m/0Af+(m2/2)A/A<]
. (3.20)

F - l

The rest of the elements are discarded, since they are not part of the non-circular convolution
in Eq. 3.17.

3.3.4 Example of Time Domain Conversions

As a simple example of time domain conversions, let us consider a perfectly matched trans-
mission line between Ports 1 and 2 with a constant time delay td, and no attenuation. The
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test signal bo arriving at Port 2 will have a time delay td with respect to the reference signal aj
transmitted from Port 1. This time delay leads to —2-rftj phase shift of signal fc2 compared
with signal aj, i.e., J>2 = e~*2*ftdai. From the definition of the S-parameters above, S^xifk)
for the fcth frequency point is equal to e~j2ir^fc'<< where fk = /0 4- fcA/ for k = 0.1 /* - 1
and F is the total number of frequency points.

Substituting the above expression for the time delayed signal (S21) in the inverse Fourier
transform equation 3.5,

Sn(t) =
fc=l

(3.21)

The above is equal to unity when Af(t - td) is an integer. Dividing the above summation
into two identical parts and combining those factors with the first and last term respectively,
the above equation becomes

E . (3.22)
U=o *=i J

Changing the summation index from k to it + 1 in the second sum above

_ fJ2*fo(t-td) F-2

2(F " 1)
(3.23)

This is a geometrical sum and we find that

_ ej2*fo(t-td)
S2l{t) = — —(1 +

The above could be rearranged to

il (3.25)

Using Euler's formulas in the above expression,

521 (f) = eWrt-W-™™ cos[,A/(t - td)] P ^ ' ^ % I ^ • (3-26)

The COS[TTA/(< - fj)] factor comes from the weighting of the end points and the additional
phase shift factor tJ^Mt-td)^{F-\)^!{t-u) - ei^fc(t-td) ^ i s t h e c e n t e r f r e q u e n c y) j s

introduced by the set of frequency points that is asymmetrical around zero.
Using the (F - 1) point IFFT and to = 0 in calculating S2i(t) there will be a single peak

with unit height in the 'spectra' at t = t^ (k — (F - l)Aftd) if td is less than I / A / and
(F — l)A/£d is an integer. In the case of a non-integer value of (F - l )A/ t j , time domain
spectra would have a peak with lower height and rather high side lobes. For Ar > F - 1, the
side-lobes will always be present and the peak will be close to k = NAftj. If td is larger
than I / A / there will be a peak close to NAftd modulus N because of the periodicity of
5. This effect is called folding and I /A/ is the unambiguous (time)range. Figure 3.6 shows
an example of the frequency domain response and the corresponding time domain response
calculated with two different values of N and also one example of the chirp-z transform.
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Frequency domain response 800 point inverse fast Fourier transform
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Frequency (GHz)
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201 point chirp-z transform
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• imaginary value
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Figure 3.6: Example of time domain conversion, (a) shows the magnitude and the real and
imaginary parts of S2i(/fc) = e~^htd with fk = 1 GHz + k • 1.25 MHz for k = 0 , 1 , . . . , 800
(F = 801) and td = 10.5 ns. (b) shows the logarithmic magnitude of the 800 point IFFT of
S21 and (c) the 1024 point IFFT. (d) shows the magnitude, real and imaginary parts of the
chirp-z transform with t0 = 8.5ns, At = .02ns and M = 201 (N = 1024 > F+M-l = 1001).
The spacing between the points in the time domain corresponds to using an N of 40 000 in
the IFFT calculations.
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Notice that the position and the height of a single maximum could be determined with
arbitrary accuracy, by choosing an arbitrarily small £t.

The true impulse response of the cable is the Dirac 6-function 6(t - t^) and the last
expression can be written as convolution

= k(t)*8{t-td)

where

is the Dirichlet kernel with fc — fo + ^y^
In general

{F-l)sin[TT Aft]

= k*S

where

S(t) =

(3.2(

(3.28)

(3.29)

(3.30)

is the true impulse response of the device. In practice the true impulse response is not
accessible for measurement, since it requires either an infinitely short pulse and an infinite
sampling frequency in the time domain or measurements over a infinite number of frequency
points in the frequency domain.

3.3.5 Windowing

If the S-parameter consists of several components with different time delays and magnitudes,
the weaker components could be concealed by the stronger side lobes. The level of these
side lobes could be reduced by multiplying S(fk) by a weighting function (window) before
transforming the data. Harris discusses the use of different windows on time domain data
in connection with Fourier transform conversions in [9]. In this application a Kaiser-Bessel

, 3) of order F is used. Specification of the Kaiser-Bessel window of order N is

7o[/3]
= 0,l,...,N - 1 (3.31)

where Jo is the zeroth order modified Bessel function defined as

The effect of this weighting function in the frequency domain is a convolution in the
time domain between the impulse response S and the finite inverse Fourier transform (w) of
WF(k,0); i.e.,

SW(t) = T^Y

(3.32)
— 00

00

/ su— 00

S ( t ) *

[ - 1 fc=o

)e^2vftdf *

F - l

k=0

W(k)6(f •-A)
oo F - l

-oo ~ k=0

•(k)e^f"1
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Kaiser window (linear magnitude) Log-magnitude of transform

I'
c

I 1 3
ät

1 '

MO
ftrt.O

0 1 0.2 0.3 0.4 O.S 0.6 0 7 0.8

Normalized frequency ( k/[N-I ] )
•: -i c i ;

Normalized time ([N-I ] Af l )

Figure 3.7: The 201 point Kaiser-Bessel window and the logarithm of its 201 points chirp-z
transform for 0 equal to 0.0, 3.0, 6.0 and 9.0 respectively. The windows are normalized such
that the peak in the time domain will be at 0 dB (i.e. divided by [£k=o W'N(
Notice the trade off between side-lobe level and main-lobe width.

Parameter 0 determines the side-lobe levels and the width of the main-lobe. A higher
value of 0 leads to lower side-lobes but also to wider main-lobe features. The Kaiser-Bessel
window and its finite inverse Fourier transform for various 0 is shown in Figure 3.7. The
effect of windowing a multi-component S-parameter is shown in Figure 3.8.

3.3.6 Gating

The similarity between the inverse FFT of frequency domain data and the FFT of time series
data makes it possible to 'filter' out frequency data within a specific range of time delays
in the same way as it is possible to filter out time series data within a specific frequency
band. The technique to filter frequency data in the time domain is called gating due to its
resemblance to hardware gating of pulsed signals; (i. e. there is a switch in the receiving
channels which opens for a specific time interval after the pulse is transmitted).

A finite impulse response (FIR) gate with zero frequency shift is implemented using
Fourier transform techniques and the procedure is described as follows. First the desired
'passband' time interval ti < t < tu is selected with the aid of Fourier transform methods.
Next the numbers Ar > F - l,nj and ri2 are chosen according to n\ — NtiAf + ^ and
n2 = Ntu&f - \ where 0 < n\ < nj < N - 1. A vector go(n) is defined in the time domain
as

0 n = 0 ,1 , . . . ,nj - 1
go{n) = { 1 n = m , . . . , n 2

0 TI = n 2 + l , . . . , A r -
(3.33)

The vector go(n) is then transformed to the frequency domain vector
resulting complex vector

via FFT. The

(3-34)

has its largest values at the skirts of the frequency interval. The upper half of the frequency
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Figure 3.8: The effect of windowing the S-parameter S = e~
j2*tlf + lO-3

\0~3e-j2in3f w h e r e ti _ 1 0 5 n S i t2 _ 5 O n S i t3 = 400.5 ns and / = 1 GHz + Jfc • 1.25 MHz,
Jfc = 0 , 1 , . . . , 800. White noise of average power -80 dB is added to the S-parameter in order
to mimic realistic measurements. W is the 801 point Kaiser-Bessel window with a /3 param-
eter of 9.0. (a) shows the magnitude and the real and imaginary parts of the S-parameter 5.
(b) shows the 800 point inverse fast Fourier transform of the S-parameter on a logarithmic
scale. Notice that the component at 50 ns is completely invisible without windowing, and
that the component at 400.5 ns is visible as a small peak with a level of -60 dB. (c) shows the
S-parameter multiplied with the Kaiser-Bessel window W and (d) the logarithmic magnitude
of the IFFT of this product. In (d) the two smaller components are clearly visible. The
height of the main peak has also increased, due to broadening of the main-lobe.
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response could be interpreted as negative frequency shifts (k — A')A/, since

- N)/N) _

sin(7r(fc - N)/N)

(-l)sin(jrfc/Ar)
)t/Ar)

r(fc N ) / )
I 1Ani+n?--72ir(ni+Ti?)fc/2Af(-I)''='~n'">"'«n(»r(n2-ni+l)t/A') _ (3.3Ö)
v > (-l)sin(jrfc/Ar) ~
/ _ n2n 2 _-j2ir(ni +n2)fc/2iV

sm(irfc/Ar)

due to the periodicity of Go-
In order to reduce the transient effects of the filter, the Ar — (2L + 1) points in the middle

of the frequency interval are zeroed, where 2L + 1 is the order of the filter. The resulting
sequence is

Nt3&f k = 0
- j2itktr A f sin(fffct. A / ) jfc = 1 L

sin(xk/N) ' • • • ' l-iin)

0 k = L + l,...,N-L-l ( J J b j

s i n W J t - 7 V ) / A T ) "- - • " ^ , . . . M .

with ts — tu — ti and tc = (ti + tu)/2. In this formulation, almost every restriction on tt
and tu could be relaxed; the only remaining restrictions are 1/(JVA/) < f5 < I / A / and
0 < tc < I /A / . In order to reduce the high side-lobes in the time domain resulting from the
truncation above, the remaining points are weighted with a Kaiser window \V2i+i(m, 3) of
order 2L + 1. This window is shifted so that it will have its maximum values at the lower
edge and the points preceding at the upper edge of the frequency interval. The resulting gate

k) k = 0 L
k = L + l,...,N-L-l (3.37)

is then transformed back to the time domain via IFFT to g. The S-parameter that needs
to be gated is first transformed to the time domain via IFFT, then multiplied with the time
domain response g of the gate mentioned earlier and eventually transformed back to the
frequency domain via FFT; i.e.,

S9 = FFT[IFFT(S)g} = FFT\IFFT(S)IFFT(G)} = (S * G)/N .

The result of this operation is a circular convolution of the S-parameter data with the gating
function G divided by A' as described in an earlier section. The first L + l points and last L + l
points in the gated response are corrupted, since they are partly convolved with the wrong
part of the frequency response if iV < F + L-l and with some zero elements otherwise. The
procedure outlined above is displayed in Figure 3.9. Figure 3.10 shows the effect of gating the
signal s that is used in Figure 3.8, with the various gates shown in Figure 3.9. This Figure
shows that a signal could be restored with significant precision, even though it is cluttered
with an interfering signal that is 60 dB higher in power, as long they are adequately separated
in the time domain. Also the influence of white noise could be reduced by choosing a narrow
gate, since the power of the noise is equally spread out in the time domain response and only
the noisd existing inside the time span remains after gating. The noise reduction factor is
then equal to approximately £SA/ or ta/T, where T is the unambiguous time span.

3.4 Mode of Operation

Bandwidth and spacing between frequency samples are primarily determined by range reso-
lution and unambiguous range respectively. The device under test consists of cables, antenna

56



Original gate Go (frequency domain) 1FFT of original gate I log mag i

dB !

i|j(Y'<Vi,1n,,,,

o 01 o: OJ o* 01 o» o? oi oi

Normalized frequency ( k/N )

C Truncated gate G, (frequency domain)

40-

[00 29' Utf 40t W ea/ 70V » »

Normalized lime ( T= (F-l)n/N )

IFFT of trucated gate (log mag)

0 ()[ o : 0 3 0 * 0 < 0 •< 0 7 OH 0 9 I

Normalized frequency ( k/N )

dB

Truncated and windowed gate G (frequency domain)

4 0 >•

20

0

-10-

\
I

Oi 0 ) 04 03 Oft 07 1)1 0»

Normalized frequency ( k/N )

0 It» 20T 300 400 M» «X) 700 K»

Normalized time ( T= (F-1 )n/N )

f IFFT of trucaled and windowed gate (log mag)

dB

I» >» 1» « VII »B »)

Normalized time (t= (F-l )n/N )

Figure 3.9: Design of gate function. The original gate in the upper right (a) shows the desired
time band (375 < T < 425, Ar = F - 1 = 800). (b) is the FFT of that gate. In (c) the 599
points in the middle of the frequency band are zeroed in order to limit the frequency response
of the gate, (d) shows the IFFT of the truncated gate. Notice the high sidelobes and ripple.
(e) displays the result when a 201 point wide Kaiser window with 0 equal to 9 is applied to
the truncated gate, (f) is the corresponding gate in the time domain. Notice the low value of
the side-lobes and ripple, but also the slow transitions at the edges of the desired passband.
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Figure 3.10: The effect of the various gates displayed in Figure 3.9. The left column shows
the logarithmic magnitude of the signal's frequency response s = e'^1^ t 10"3e~j27r'2^ +
iO~3e~^27r(3^ where t\ = 10.5 us, £2 = 50 ns, ta — 400.5 ns convolved with the gate shown
in the corresponding row in Figure 3.9. Compare also with Figure 3.8, where the signal is
displayed without gating. The right column shows the corresponding logarithmic magnitude
of the 800 point IFFT of the whole gated frequency response, and the 600 point IFFT of the
mid-section of the gated frequency responses.
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and target. It should be noted that the antenna mast height is 27 m. The electrical length
of the cables is approximately 45 m, and the maximum range to the target is taken as 55 m
corresponding to a maximum incidence angle of 60°. Hence the expected maximum time de-
lay is 2 • (45 m + 55m)/(3 • 108 m/s) = 666 ns. Thus the maximum spacing between frequency
points (A/) should be 1/(666 ns) = 1.5 MHz. To be on the safe side we have chosen A /
to be 1.25 MHz and the corresponding unambiguous region of 800 ns is equal to a range of
120 m. For 801 frequency points the bandwidth turns out to be 800 • 1.25 MHz = 1 GHz.
Range resolution for a 1 GHz bandwidth system is 15 cm in the absence of windowing. Gat-
ing operations limit the number of usable frequency points to 600. Thus the resolution is
degraded to 20 cm.

The network analyzer can be operated in two different modes, namely ramp sweep, and
step sweep, modes. In the ramp sweep mode, the frequency is swept linearly in time. Signals
are sampled when the transmitted frequency is equal to the desired frequency for each point.
In that way, there will be a small frequency shift of the received signal from different ranges
due to various time delays. Also only one S-parameter is measured during one sweep. Hence
there is a time difference in measuring different S-parameters, which might be important if
the target is not stationary. To reduce the effects of high attenuation due to cables in our
system, there is also a need to average several measurements (typically 32) of the same spot
in order to improve the signal to noise ratio. Thus 128 total sweeps (equal to 32 times 4)
need to be performed with a full 2-port error correction. For minimum sweep time this will
take approximately 40 s, but since the frequency span is 1 GHz and the time delay is 800 ns,
a sweep time of 8 s should be used according to the recommendations in [10, p 43],

Sweep Time > (Span* Group Delay)/100

where Sweep time is in seconds, Span is in GHz, and Group delay is in nanoseconds. Thus
the total measurement time would be around 1000 s.

In step sweep mode, the synthesizer is locked to the desired frequency, and waits for a
short dwell time. Thirty two measurements are made for each S-parameter in turn and the
synthesizer is locked to the next higher frequency and so forth. The dwell time is adjustable
with the sweep time setting according to:

Dwell Time(ms) = Sweep Time(ms)/(Number of Points - 1) .

The minimum sweep time setting is 160 ms, giving a dwell time of 200 /xs, which is much longer
than the maximum group delay. In this way. the frequency is the same for al> ranges and
there is a short time delay in the order of 7 ms between the measurements of the different
S-parameters for the same frequency. There is a longer time delay, of the order of 0.1 s,
between measurements at neighboring frequencies. The total time for a 'sweep' in step mode
is about 90 s for 801 frequency points with an averaging factor of 32.

The long cables have an upper cut off frequency of 12 GHz, and the antenna has a lower
cut off frequency at 1 GHz, thus limiting the frequency of operation between 1 GHz and 12
GHz. The internal memory of the HP 8510, limits the operation to four frequency bands of
each 1 GHz bandwidth, without external storage of calibration coefficients. The four bands
are chosen to be 1 to 2 GHz at L-band, 2.2 to 3.2 GHz at S-band, 4.8 to 5.8 GHz at C-band and
9.5 to 10.5 GHz at X-band. These frequency bands coincide with the operating frequencies of
contemporary and future SAR-satellites. Any or all of these bands could easily be changed,
just by performing the calibration procedure within the necessary frequency interval.
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Chapter 4

Calibration of Scatterometer

A polarimetric scatterometer is used to measure backscatter coefficients of distributed tar-
gets for biosphere remote sensing. The physical parameters of the scatterer are related to
the backscatter coefficient. Remote sensing of physical parameters of distributed scatterers,
such as roughness moisture content of soil, snow cover depth, timber volume and average
tree height have a number of commercial applications. In order to retrieve the above param-
eters from the measured backscattered power, a scatterometer system should be calibrated.
Calibration constants depend on scatterometer system characteristics such as antenna gain,
resolution volume and transmitted power.

Since the system is configured to measure the scattered signal over a 1 GHz bandwidth
in each of the L, S, C and X-bands, the cable characteristics and antenna gain values should
be specified as a function of frequency. The calibration procedure is divided into three
parts. The first part of the calibration deals with channel imbalances and crosstalk in the
S-parameter test set. This was discussed in section 3.2.2. The second part is related to
correction for influences due to the cables. The third part of the calibration is to obtain
gain and crosstalk characteristics of the antenna system. These calibration parameters are
used to relate S-parameter measurements of distributed targets to system independent target
characteristics.

Since the antenna represents an opening to free space, signals other than the scattering
from the targets can occasionally be picked up by the system. The sources of interference are
communication satellites, and radio and TV transmitters using the same frequency as the
scatterometer system. These signals will distort the measurements if special care is not taken
to eliminate them. A procedure is described to identify and eliminate the spurious signals.

4.1 Correction for Cable Influence

Two sets of cables, each containing one 35 m long flexible and one 2 m long super flexible cable
were used to connect the two ports on the S-parameter test-set with the two antenna feeds.
The ports of the S-parameter test set were extended with test cables in order to facilitate
calibration. The test cables have sexless APC 7 connectors at the ends. The long cables
were connected to the test cables via an APC 7 to female type N adapter. The long cables
have male type N-connectors on both ends. The short flexible cables have a female type N
connector or one end and a male SMA 3.5-connector on the other end. The antenna feeds
has female SMA 3.5-connectors. If the cables and connectors were stable in time and not
changing their characteristics, the calibration procedure described in section 3.2.2 could have
been performed at the location of the antenna. The cable characteristics would then have
been included in the internally stored error correction constants. It is, however, practically
impossible to perform a calibration procedure at the SMA-connectors when the mast is raised
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Figure 4.1: Flowchart over the influence by cables

to 27 m height. Due to changing transmission and reflections characteristics of the cables,
calibration was performed at the standard ports (Port 1 and Port 2) at the end of the test
cables of the S-parameter test set. The standard APC-7 calibration kit was used.

The corrected S-parameters that are delivered by the network analyzer are influenced
by the characteristics of the connecting cables. These influences could be corrected for, if
the cable characteristics were known. The corrected S-parameters delivered by the network
analyzer are modeled as the S-parameters of a cluster of three cascaded two-port networks,
each represented with its own S-parameters, as shown in Figure 4.1. The left-most network
in Figure 4.1 represents the adapter and cables connecting Port 1 of the S-parameter test-set
with the antenna Port i', in turn connected to the vertically polarized antenna element. It
is characterized by the forward reflection constant Fn, the transmission constant T\ and the
reverse reflection constant F ^ . The right-most network represents the cables connecting Port
2 with the antenna Port h, connected to the horizontally polarized antenna element. It is
characterized by the forward reflection constant F2i, the transmission constant Tj and the
reverse reflection constant ^2 - The network in the middle represents the antenna together
with the target. The S-parameters of this network are composed of two parts, one part is due
to reflections and leakage between the channels inside the antenna antenna itself, the other
is due to the interaction between the antenna and target. The first part is used to detect
changes in the cable transmission parameters, and the second part is related to the scattering
matrix of the target. This is discussed in the following sections. The sum of the two parts is
denoted SA. Wo would like to eliminate the influence of the cables on the parameters SA.

In the following the cable characteristics are considered to be known; later it is discussed
how they could be derived from the S-parameter measurements. The cascade of three net-
works is rather complicated and so is the inversion of the cascaded network. It is easier to
divide the problem into two steps, each involving cascade of two networks. Denoting the
S-parameters of the cascaded device consisting of the first cable and the antenna with SL we
find that [18, p75]
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Solving for the actual S-parameters from above is straightforward

sn-rn
--4 _ 7V

51 2 —
(4.2)

The measured S-parameters (SM) are then given by the cascade of the above S-parameters
(SL) with the S-parameters of the second cable;

M _ CL t r2lSV2S2\

" - *n + i-r21s|'

_ (4.3)

Solving for the 5^-parameters is just as straightforward as solving for the S^-parameters
earlier

' I s*/-r..

J21 —
(4.4)

Substitution of 4.1 into 4.3 renders the following expressions that relates the measured to
actual S-parameters as

£i
i-r21s^

= r22

(4.5)
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Figure 4.2: L-band Sn measurements of a short circuit

The inverse relations are given by substitution of 4.4 intc 4.2

gA _

Oio — i , T- c

(4.6)

cA _
°22 —

S'l2 = S 2 1 = and S22 = (S2
A/ - T22)/T2

2.w h e r e S[i = (Sf / — F n j / i f i «^i2 — ^i^l •L\12< J 2 l = J
2\ 11\J-2 a n u o 2 2 = ( o 2 2 — i 22)

Hence it is possible to compensate for the influence of the cables if there are models of the
transmission parameters and the reflection coefficients of the two cable assemblies. These
models can be constructed by measuring a short circuit in place of the antenna. Modeling of
the cable transmission parameters is discussed in the following section.

4.1.1 Modeling of Transmission Parameters

A short circuit was connected to cable 1 at Port v and a matched load to cable 2 at Port
v. The network analyzer was used to measure the S-paraineters to obtain attenuation and
phase characteristics. The actual S-parameters are in this case given by: SA

} = - 1 and
Sjj = S^ = S^ = 0. Based on the result from the earlier section the measured Su-
parameter is Sff = l"n - Ti2/{1 + Yl2) « r n - Tj2 + r ,2T,2 . The resulting frequency
(L-band) and time domain responses are shown in Figure 4.2 a and Figure 4.2 b respectively.

In the time domain plot, the first peak is at 0 m and is hardly visible because it coincides
with the y-axis. It is due to mismatch in the APC7/type N adapter, used to connect the
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Frequency band
L (1.5 GHz)
S (2.7 GHz)
C (5.3 GHz)
X (10.0 GHz)

Cable Assembly 1
fli (dB)

11.58
16.09
23.98
35.70

n M n

305.84
305.94
306.53
308.78

con/2 (m)
45.844
45.860
45.947
46.285

Cable Assembly 2
a, (dB)

11.43
15.96
23.89
35.70

r2 (ns)
306.35
306.46
307.05
309.33

COT2/2 (m)

45.921
45.938
46.025
46.368

Table 4.1: Cable characteristics

long flexible cable to Port 1. The small oscillatory responses in the interval between 0 aud
42 m are due to imperfections in the long cable. The somewhat larger response at 42 m is
a reflection from the connection between the long cable and the shorter flexible cable. All
these responses could be identified with Fn. The highest peak at 46 m corresponds to the
location of the short circuit and could be identified with -T2. The peak response at 50 m
(connection between the cables), the oscillatory response between 50 m and 92 m and the
peak response at 92 m (adaptor) are due to the multiple reflections of the signal from the
short circuit and back from the connections and imperfections in the cables, toward the short
circuit and then back again to Port 1 (F^T]2).

A gating technique was used to isolate the echo corresponding to the scattering parameter
T\2. The gated responses are shown in Figure 4.2 c, d. As expected, the scattering amplitude
decreases with frequency due to higher cable attenuation. In addition to the amplitude,
the phase of the scattered signal is also measured by the S-parameter test-set. The above-
described procedure was repeated over the S, C and X-bands. Figures 4.3 a, c show the
attenuation (aj) and delay (TJ) characteristics of the cable between the L- and X-bands. In
order to remove the 'edge-effects' introduced by the gating procedure, a polynomial

a\f (4.7)

of second degree in \f~j is used to model the two-way attenuation (=-20log |Ti2|). Another
polynomial

Ti(/)=r1° + r ] 7 + T1
2/2 (4.8)

of second degree is used to model the two-way time delay ( " ^ ' « _ar?l ' \\^A'' ' ^'")
characteristics of the cable as a function of frequency. Regression coefficients are derived
using least square fits. The coefficient values are ax - 0.5911 + 7.6289^/7 + 1-0984/ dB and
T\ = 305.8471 - 0.0579/ + 0.0351/2 ns where / is in GHz. The synthesized transmission
coefficient

and measured values concur within 0.1 dB and 1° for attenuation and phase responses re-
spectively (Figure 4.3 b, d).

A similar procedure was undertaken with a short circuit connected in place of the horizon-
tal antenna feed for the second cable assembly. A model (T2' ) of X22 was calculated, and the
result of this fit is a2 = 0.4117+7.6259^+1.1174/ dB and r2 = 306.3643-0.0598/+0.0357/2

ns. Table 4.1 shows the attenuation, time delay and equivalent electrical length (C.QT/2) for
the centre frequencies in the respective bands.

4.1.2 Modeling of Cable Reflection Parameters

In the time domain response of the short circuit in Figure 4.2, it was pointed out that the
response before the actual short circuit location is due to Fn and the response following is
due to —T]2Fi2. If these responses were constant, we could simply isolate them by gating.
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Figure 4.3: Comparison between modeled and measured cable response

However, they are entangled and depend on temperature and on the physical tension in
different connections. The connectors are tightened carefully with equal force each time the
cables are reassembled, but it is practically impossible to repeat the same kind of connections
exactly. The actual value of Fn (and Tyi in the reverse or horizontal direction), can be
determined with the help of gating, but Fj2 (and F2i) are not directly accessible. Parameters
Fi2 and ?2i produce unwanted reflections that interfere with the true target responses. To
obtain Fi2 and F2i parameters, we propose the following conceptual model.

The characteristic impedance along the cable exhibit small variations. As an example,
let Zi be the characteristic impedance of the cable section between rj_i and r; and Zj+\ the
characteristic impedance of the section between r, and r I+J (rj_i < r, < r{+1) along the cable.
Then at the location T{ the reflection coefficient p; = 7'7'

+1 • The reflection coefficients are
^i-r^i + l

influenced by the complex propagation constant k. Multiple reflections within the cables
are neglected, hence the parameter Fn = 5Zi Pie~^2kT>. The coefficient Fj2 is for reflection
measured from the other end of the cable. Hence Fn = 5Ii pje~-'2*:('~r') where / is the length
of the cable and p' = •T'"1"'"»' = —pv is the reflection coefficient in the reverse direction. Since
the transmission constant T\ = e~jkl, then Fi2 = -T i 2 Y>iPieJ2kr>-

Let us approximate in each frequency band k with uc-j^f where c and 7 are real constants
independent of range and frequency. The reflection constants p, are assumed to be real and
independent of frequency. We can then write the inverse Fourier transform of the reflection
parameter (^""^n) as 5ZjPt̂ (< - 2Ti/c)e~2~fr'. Multiplying with the function <fi, such that
(f,(t) - e2yct when 0 < t < 2//c and <f>(t) = 0 otherwise, results in ^ p,6{t - 2r,/c)e2'yr<. The
Fourier transform of this expression is ^ pie~J20T'+2''T'. Finally, the complex conjugate of

0 kthis expression results in ^liPie^20r<+2'tr' = Y.i Pie*2kT'• Based on the above arguments

(4.10)
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Figure 4.4: Corrected time domain response of a short circuit in the L-band. a) shows the
result after compensating for delay and attenuation of the cable, acheived by dividing the
measured S-parameters by the modeled T2 response, b) is the result of the inversion when
the limits in the integrals determining $ and $o have been shifted towards smaller values in
order to include the first large response and to exclude the short circuit response itself.

where the function $ is the Fourier transform of 0, i.e..

rtl/c
= 7o ' 2-fc

(4.11)

and 6UJ is 2n6f. The constant yc is the attenuation per time delay and it can be calculated
from the table given in the previous section. The reflection parameter Fn is obtained from
the convolution Su * 4>o where 4>n = e ' "éJ~l, i.e., the expression for $ with 7 replaced
by zero. Notice, from the definition of 4>, that we can use Su instead of Fn in (4.10) since
<£>0 * 4> = <I> or (pod> = 4>. To reduce the transient effects of the convolution, the functions $
and $0 are truncated, and to reduce the resulting sidelobe level, $ and $0 are multiplied
with a window W before the convolution is made. Hence the actual calculations of scattering
parameters are made according to

F n = FFT[IFFT(5n)IFFT(*0W')]
F12 = -r 1

2conj(FFT[IFFT(S 1 I)IFFT($tr)])
T21 = - r 2

2 con j (FFT[ IFFT(S 2 2 ) IFFT($U ' ) ] )
F2 2 = FFT[IFFT(S 2 2 ) IFFT(*o» ' ) ]

(4.12)

These values are then used together with the modeled values of T\ and T2 in the inversion
formula 4.6. Figure 4.4 shows the time domain response of the measurements shown in
Figure 4.2 after it has been corrected with this procedure. In order to fully compensate for
the reflections in the connection points at zero m in the uncorrected response, the lower limit
in the integral determining $ in 4.11 should be moved to a smaller value. This extends the
gates to fully include the first response. Setting the upper integration limit / as suggested in
the derivation will partly include the reflection from the antenna in the unwanted response. In
our case the cable assemblies consist of two different cables with a connector in between close
to the antenna. This connector gives rise to a large reflection which interacts with the revc/se
reflection from the adaptor at zero m. This is actually affecting the transmission parameters
T\ and T2, but the effect is relatively very small. Excluding this reflection from the reflection
parameters will compensate for those multiple reflections, but will not compensate for the
interactions between the antenna and the reverse reflection from the connector. The latter
interactions occur close to the antenna response and we are mostly interested in compensating

66
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Figure 4.5: L-band measurements of the antenna with no target present, a) shows the
(windowed) time domain response before correction of the cable influence. In b) the cable
influence is corrected for by the procedure described in the earlier section. Notice the shift
of the response, both in range and magnitude.

After compensation

Figure 4.6: Close up of the previous measurement together with a point target measurement.
In a) the point target measurement is corrected with the original transmission model and in
b) it is corrected with constant time delay and attenuation.

responses far from the antenna. Hence it is better to excluded this large response from the
F-parameters.

4.1.3 Compensation for Small Changes in Trr.' emission Parameters

The transmission parameters T\ and Ti are susceptible to small changes in temperature and
layout of cables (i.e. bending in cables). Therefore, the S-parameters of the antenna were
measured prior to the short circuit measurements. The antenna was pointed towards the sky,
away from the scatterers. (L-band S\\ and S21 measurements are shown in Figure 4.5J) All
reflections seen in the time domain response are due to internal reflections within cables and
antenna. The responses in Figure 4.5 b) starting at 0 m and exponentially decaying after 4 m
are due to mismatches in the connecting network and resonances in the part of the antenna
between the resonant dipoles and the unmatched end of the logarithmic dipole antenna array.

When an actual radar cross section measurement is performed, this response is shifted
somewhat in range and magnitude, depending upon the state of the cables. Figure 4.G a)
shows a close up of the the antenna response in the previously mentioned measurement,
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together with the same response during an actual measurement of a point target. The
responses have been corrected by dividing with the preliminary model as in Figure 4.5 b).
As can be seen, these time domain responses are quite complicated in structure with several
local maxima and minima; however they are very similar in nature, except for the shift.

In a small region around each local maximum, the magnitude of any time domain response
is very close to a polynomial of second degree, i.e.

15(01 « Po + P2(t - tm)2 , \t - tm\ < 1/(F - 1) A/ (4.13)

where tm is the location of the maximum and po is the value of the maximum. The parameter
p2 depends mainly on the window characteristics. Thus by calculating S(to + mAt) for
m = 0 , 1 , . . . , M - 1, where t0 < tm, At < 1/(F - 1)A/ and tQ + MAt > tm, with the aid
of the Chirp-Z transform, we can identify the value of m(= mo) for which \S(to + mAr)|
is maximum. Then, by denoting |S(t0 + (m0 - 1)A<)| = y_i, \S(t0 + m0At)\ = y0 and
\S(to + (mo + 1)A£)| = y\ and using Eq. 4.13, we arrive at the following set of equations

y-i = po+ p2{t0 + (m0 - l)At - tm)2

J/o = Pp + p2{to + m0At - tm)2 (4.14)
2/1 = Po

Solving for po , P2 and tm results in

P2 = : - 2 y o " 2 ^ y - ' (4-15)2 ^

The complex value of the maximum is determined from Eq. 3.5 as

S(tm) =
1 * F-2

k=\

(4.16)

Thus, by selecting a specific rriaximum, the position of the time domain response could
be characterized by a time delay tm and complex maximum value (zm = S(tm)). Compar-
ing these actual measurements with the reference measurement we deduce a time difference
(6 = tjjf - £™f) and a complex ratio (p = ^ l / z m f ) which characterize the change in the
transmission parameter of the first cable assembly. Multiplying the S-parameter values for
the actual measurements with \jpe)2*'k shifts the antenna response in such a way that both
selected responses overlap in the time domain, (see Figure 4.6 b).

Following section describes how the cable corrected S-parameters can be related to the
scattering matrix of the measured target. The contents of the section is essentially the same
as the contents of the article 'Dual-channel and multi-frequency radar system calibration'
[35] by Stjernman et al., that has been published in IEEE Transactions on Geoscience and
Remote Sensing.

4.2 Calibration of Dijal-channel Radar System

A polarimetric scatterometer is routinely used to measure scattering parameters of both
point targets and distributed targets. Accuracy of target characterization and retrieval of
microphysical information using remote sensing techniques depend on the precision of the
scatterometer calibration. In general, a set of orthogonal polarizations is used to obtain a
complete polarimetric response of targets. However, it is practically impossible to design a
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dual-channel system with perfect polarization isolation. Poor polarization isolation coupled
with uncertainty in absolute gain of the system is the major source of error in scatterometer
measurements. Since the scatterometer system is capable of measuring both the amplitude
and phase of the received signal, crosstalk and gain parameters are amenable for S-parameter
formulation.

The calibration of a polarimetric scatterometer system has been studied by a number
of investigators [31, 32, 43. 45]. In general, antenna crosstalk and channel imbalances in a
dual-channel scatterometer are modeled using system distortion matrices. The concept of
a distortion matrix takes into account the errors introduced due to an imperfect antenna
system, and subsequently the isolation between channels could be improved substantially.
Various approaches have been used to solve for distortion matrix components. An eigen
analysis method was used to determine distortion parameters by Whitt et al. [45]. However,
the calibration procedure is very sensitive to target alignment. The isolated antenna calibra-
tion technique [32] eliminated some of the constraints in earlier methods by making use of a
sphere as a calibration target. Even though this method is insensitive to target orientation
and precise knowledge of sphere scattering matrices, it does not account for crosstalk interfer-
ence in a dual-channel system. Sarabandi and Ulaby [31] introduced a calibration technique
which makes use of a four-port passive network model. The mathematical formulation lacks
rigorousness due to the fact that the two orthogonal directions in free space are considered
as two ports of a four-port passive device. Also, the antenna crosstalk factors are assumed
symmetrical.

This section presents a novel technique for calibrating a dual-polarized network analyzer-
based scatterometer system. The scatterometer is capable of measuring both the magnitude
and phase of the scattered wave. The scatterometer measurements are performed in the
frequency domain to make use of narrow band filters in the receiver chain. The scattering
medium is treated as a two-port device in the measurement configuration such that each port
represents either a horizontal or a ertical polarization channel. The antenna consists of a
pair of crossed log-periodic dipole feeds with a parabolic reflector of diameter 0.9 m. The
S-parameters of the two-port network describe both the absolute gain and crosstalk charac-
teristics of the dual-channel antenna system. These four unknown complex correction factors
are obtained by measuring the S-parameters of two calibration targets; namely, trihedral and
dihedral corner reflectors of known size. In the calculation of the crosstalk parameters, it
is shown that they are independent of the actual range of the calibration targets and their
respective scattering cross sections. The results of absolute gain of the antenna are verified
using independent measurements. Measurements of scattering matrices of point targets are
also shown.

4.2.1 Theoretical Formulation

The S-parameter describes the relationship between incoming and outgoing signals at network
ports. A port is denned as the plane perpendicular to a transmission line with a specified char-
acteristic impedance. On the other, hand a scattering matrix relates incident and scattered
fields in a medium. Even though they are related, it is better to preserve this distinction
for the clarity of theoretical analysis. In this section we develop a scattering matrix and
S-parameter representations in the case of point target scattering. Then S-parameters of
dihedral and trihedral targets are derived in terms of their respective scattering matrices for
the specified system gain and crosstalk parameters.
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Scattering Matrix Representation

The antenna is a parabolic reflector (diameter .9 m) with two crossed log-periodic dipole array
feeds. A log-periodic dipole is an antenna consisting of several dipoles, whose lengths and
mutual distances decay in a logarithmic manner. Depending on the frequency of operation,
one of the dipoles resonates at a particular frequency. When Port 1 is excited with voltage
a\, a p;;v (7n a i ) °f the signal is directly reflected back to Port 1 and a small fraction (">2iai)
of the signal leaks toward Port 2. The parameters (7n and -2 i ) for the antenna feeding
network are time invariant and hence independent of the dist;::xe between the antenna and
target. Their responses start at zero time delay.

Generally, the wave incident on the target is assumed to be a plane wave. The total E-field
is made of both co- and cross-polarization components. When Port 1 is fed with voltage a2

and Port 2 with zero voltage, then the total field is Eviv + Eh\h. However the Poynting vector
at the scatterer is reduced in power density due to spreading of the power over a sphere of
radius r (target range) surrounding the antenna. Thus the transmitted power (Pt) and the
incident field intensity at the target are related by

^ + ^ = ( ^ L + ^ L ) P ( i (4.17)
770 7/0 iirrz iirr*

where Gvi is the co-polarization gain of the vertically-oriented feed and G^i is the crosstalk
(cross-polarization) gain between the vertical and horizontal port (which is much smaller
than Gt,i, but non-zero due to crosstalk). The current at Port 1 is ^-, where ZQ is the
characteristic impedance of Ports 1 and 2. Hence,

Pt = (4.18)

2 =and \Evi\' = ''r';7? |ai|2. Choosing the complex parameters Fv\ and Fhi, such that \FV\

G,i and \FV2\2 = Gv2, we arrive at the following relations between the field components and
transmitted voltage:

Evl = Fvl
e-^=y=^ai (4.19)

and

(4.20)
r\/4nZo

When Port 2 of the antenna is excited with voltage 02, there will be similar reflection (72202)

and leakage {^yju-j). and the corresponding transmitted field at the scatterer is (Fv->v +

jl!!L-a2- Thus, the transmitted field at the target is related to the input voltages

as follows:

K
a2

(4.21)

From the definition of the scattering matrix of a target, the scattered field E at a distance

r from the target is coupled to the incident field E at the target via

shh

E'v (4.22)

Then the scattered E-field incident on the antenna will induce voltages h] and b2 at Ports
1 and 2 respectively, according to

Fv\ Fkl

Fv2 Fh2
(4.23)
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It should be noted that the received power at Port 1 is ^ : . 4 e t>1 =
 1£''2<?"A~ = ^±l£L £*|-'

-^ - , when only vertical field (Eli) is scattered to the antenna and similarly for other com-
ponents.

Due to the mismatch and leakage in the antenna feeding network, there will be a reflection
of the scattered field towards the target again (second trip). Tnis will in turn be scattered
by the target toward the antenna again and so forth. Thus the target will give rise to an
infinite number of reflections. Coupling between the field incident on the antenna and the
field subsequentlv reflected by the antenna could be written as follows:

El

,-Jkr

shv

El (4.24)

where sa is the scattering matrix of the antenna and E is the reflected field. Let E denote
the primary transmitted field, then E = E + E , the total incident field at the target and
E . the total scattered field at the antenna. Then the multiple reflections between antenna
and target can be expressed as

-jkr

Shv

\h
shh

,-jkr

Shv
(4.25)

The above equation can be analyzed as follows: Let us assume that we are measuring a
flat circular disk with diameter d. The scattering matrix for this disk is ' — s' times the unit
matrix, wher; s — !—. This value of s is the largest possible value for a passive target
with diameter d. This approximation is only valid in the far field; i.e.. for r > ^ - = ^-.
Thus p < f - Since the antenna acts as a passive matched target, when it is illuminated the
magnitude of all elements in the scattering matrix (s° ) is less than the magnitude of diagonal
elements of sa of a circular disk with the same diameter da as the antenna. General!}' the
off-diagonal elements of an antenna-scattering matrix are small, and the radar cross section
is at least one order of magnitude smaller than the cross section of the equivalent disk. Also,
measurements are performed in the far field of the antenna: hence multiple scattering effects
between antenna and target can be disregarded.

Two-Port S-parameter Representation

The antenna system and scatterer configuration is modeled as a two-port network. The S-
parameters of the network are readily obtainable using Eq. (4.21-4.23). Also the influence
by the background medium should be taken into account for accurate formulation. The
background medium S-parameters (711,712,721 T 722) a r e characterized by performing mea-
surements with the target removed. A target is placed at a distance r in the bore sight
direction of the antenna, (Figure 4.7). The complete S-parameter matrix of the two-port
network consisting of the antenna and the target is

7ll 7i2

721 722 2kr1 Fh2

svh . (4.26)

Solving for the scattering matrix from the above equation,

- l
2kr2

,-2}kr
— 712

~ 721

I - 1
v\ (4.27)

The antenna consists of dual-orthogonal feed (hori7nntal and vertical polarization) with
good polarization isolation; i.e., \FV\\ >> |F/,i| and |F/,2J >> I-F l̂- Thus the crosstalk
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Antenna
Target

Figure 4.7: The measurement setup. Port 1 and 2 are on the feed of the antenna. Field E'
originates from the antenna and field Es from tho target.

terms can be defined as C\ = Fhi/^vi and C2 = F^/F^ whose magnitudes are much less
than unity. Replacing F/,i with C\Fvi and Fv2 with C2Fh2 and then expanding th" RHS of
Eq. 4.27,

s'v,-C\ s\h-C\

(I-C1C2V

where

(4.28)

(4.29)

The four unknown complex correction constants FV\.FM,C\ and Ci can be determined
by measuring two sets of S-parameters of known targets; i.e., calibration targets. A trihedral
target with side length / and a dihedral corner reflector with known sides a and b are chosen
as calibration targets. Figure 4.8 shows the actual dimensions and shape of the calibration
targets. Let Sl

vq and S£ denote the measured S-parameters for the trihedral and dihedral
targets respectively. These S-parameters are also corrected for imperfections in the antenna
feeding network. Replacing Fhi and Fv? as before in Eq. 4.26 and using *•„„ = */,/, = s' and
•Vi — shv — 0 for the trihedral leads to

st e-'l)kr, (C,+C2)FvlFh2

(Cl+C2)FvlFh2
(4.30)

Similarly for the dihedral target oriented with its seam between the plates in the vertical
direction, the scattering coefficients are svv = sd, s^ — -sd and svh — s>w = 0,

S d erf
21 J22

\ (1 - d2)^,2

[(C2~C\)FviFh2

(C2 - d)FV] Fh2

(C2
2-l)Fh2

2 (4.31)
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Trihedral Dihedral

Figure 4.8: The targets used when calibrating the scatterometer. The sides are all at right
angles to each other.

where sl = fc/2/v/l27r and sd = kab/ir are the magnitude of the diagonal elements in the
scattering matrices of the trihedral and dihedral corner reflectors respectively. rt,r,i are the
distances to the trihedral and dihedral respectively.

4.2.2 Retrieval of Absolute Gain and Crosstalk Parameters

In principal, the constants sl, sd, rt and TJ are known. However, in practice it is difficult to
measure the distances with the precision required and to align the targets properly due to
the narrow backscattering lobe in the vertical plane, especially in the case of the dihedral.

Rewriting (4.30) and (4.31) in terms of their determinants,

'ste-2jkr,

and

ed cd

2kr\

[1 -

[1 - C,C2]2

(4.32)

(4.33)

The negative ratio of the above equations

a2 =
s\2Si\ ~ snS22

(4.34)

( r2 s' e~2jkrt \^
2 d -ijtr,, I • 1° order to keep track

of the sign of a and assuming that the phase difference between Fv\ and F/,2 is less than TT
we should use

>nx
cd cd cd (4.35)
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The products of parameters Fv\,Fh2 used in Eq. 4.29 could be obtained from Eq. 4.30 and
Eq. 4.31 multiplied by Q and are

c \ 2 -
vi —

=

L_2

and in order to keep track of the sign,

2 _ (4.36)

Using these expressions we find the crosstalk factors

i._2 qt _ n qd ct
_ Krt J 2 1 ao21 _ jj^
- ste-2jkrt f

S21 -
ct _ s^qd qt i n <

and

2
 Ä«e- (4.38)

Notice that there is no need to know any of the constants s', sd, r t or rj in order to calculate
the crosstalk terms in the above procedure. Instead of S21 we could as well use Si2 (or rather
(S12 + S2\)[2 in order to reduce the noise level of the measurements), since they are equal to
each other in the backscatter direction.

4.2.3 M"usurements

The tecnniques and methods described in the previous section were implemented in practice
to obtain system gain and crosstalk parameters. The backscatter cross section of targets
was measured to evaluate the accuracies of absolute gain parameters which are inferred in
the previous section. Three sets of measurements, namely trihedral, dihedral and 45° canted
dihedral were used as test targets. The applicability of the crosstalk correction scheme is
examined by comparing corrected and uncorrected cross sections.

4.2.4 Estimation of Gain and Crosstalk Parameters

Point target measurements were performed inside the Arena Artica, a large hangar at Kiruna
airport. The mast was raised to the lowest position at 20 m height, which is about 3 m below
the roof supports. The measurements were performed indoors to reduce the effects of wind,
which makes the antenna oscillate and thus alters the distance between the antenna and
target. The targets were positioned manually to align with the antenna bore sight via video
camera display. The error due to any misalignment of the target was minimized by repeating
the measurements and selecting the best results. The sensitivity of the measurement system
and maximum unambiguous range are the limiting factors in choosing the type and size of
calibration targets. These constraints are partly due to the wider operational capability,
namely L. S, C and X-bands.

Trihedral and dihedral point targets were used for calibration as outlined in the previ-
ous section. The minimum noise equivalent cross section of the radar system is -20 dBsm
between the L and C-bands. Increased cable attenuation in the X-band elevates the noise
equivalent cross section to -10 dBsm. The above noise equivalent cross sections are inferred
from spherical target measurements at 50 m range. Figure 4.9 shows a typical S-parameter
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Figure 4.9: L-band S\\-measurements of a trihedral target. The target sides (I) are 50 cm
and the distance between antenna and target is 50.1 m.(a) before cable compensation (fre-
quency domain); (b) before cable compensation (time domain); (c) after cable compensation
(frequency domain); and(d) after cable compensation (time domain).

trace at L-band in which locations of various components are marked. The co-polar scatter-
ing parameter for a trihedral target is displayed both in the frequency and time domains.
Attenuation and time delay influences of the intervening cable is compensated to get back
the actual response of the calibration target. Once the background response is subtracted
from the composite echo of target and background, there is dramatic improvement in target
reflection characteristics. Figures 4.9c,d show the gated radar echo and it is interesting to
note that the original range location has shifted by the electrical length of the cable when
the cable delay is taken into account. Also, the original target echo value has increased by
an amount proportional to cable attenuation.

Figure 4.10 shows the measured gain and crosstalk terms {C\ and C'2) of the antenna for
both horizontal and vertical polarizations. Peak gain values show good agreement between
vertical and horizontal polarizations. Thus the system can be reliably used for any differential
co-polarization observations. Crosstalk parameters vary over the frequency bands and their
magnitudes are significantly large. Hence a cross-polarization response can be improved by
introducing corrections for cross-polarization coupling. From the definition of the effective
antenna aperture Ae = ^ - , an aperture efficiency i\c = Ae/A was calculated. A is the
physical aperture area nd2/4 of the antenna, equal to 0.66m2. Also the half-power beam

width 4 \ / ^ ss ij— 2, using a symmetrical Gaussian beam approximation was calculated
and is displayed in Figure 4.11. The actual peak gain or directivity could be underestimated,
since internal losses in the antenna-feeding network are ignored, and there could also be a
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Figure 4.10: Estimated peak gain and crosstalk parameters in the L, S, C and X-bands, (a)
measured system gain vs frequency, and (b) crosstalk-parameters vs frequency.

v m i u l pobn/juon
hon/naul polvuJtion

vmital polanutmn
htmiiMitil pcriaruauon

•ii

•5 I)
S

i -

1 4 1 6 7 i 0 II) II I

Frequency (GHz)
* * ft 7 R

Frequency (GHz)

Figure 4.11: Antenna characteristics in the L, S, C and X-bands, (a) aperture efficiency vs
frequency, and (b) half-power beam width vs frequency.
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small error in the alignment of the antenna and target.

4.2.5 Estimation of Point Target Cross Section and Crosstalk Correction

Figure 4.12 shows the backscatter measurements for a trihedral target of dimension 50 cm
(see Fig. 4.8) in the L, S, C and X-bands. Trihedral has typically 40° 3 dB beam widths
[5] and hence any small deviations in alignment are not a major concern. The measured co-
polarization radar cross section shows excellent agreement with the theoretically predicted
values. Theoretical \'alues are computed using physical optics formulas [39]. Cross section
values increase as the square of frequency, as expected. These results confirm the estimated
validity of system gain factors. Since the intrinsic crosstalk factors are less than -20 dB,
there is no difference between corrected and uncorrected co-polarization observations. The
measured cross-polarization values fluctuate over the frequency interval. These fluctuations
might be due either to resonant interactions among radiating dipole elements or multiple
interactions of the scattered wave with the ground. The interactions are magnified at these
sensitive null cross section observations. At higher frequencies; i.e., X-band, the antenna
beam gets narrower for the given aperture and the interactions are reduced leading to smaller
fluctuations. The corrected cross-polarization response shows a remarkable improvement
in all of the frequency bands. The enhancement is between 10 and 30 dB depending on
the particular frequency. The improvement is only limited by the equivalent system noise
parameter.

Backscatter cross sections for a vertically oriented dihedral target are shown in Figure 4.13.
The size of the target is 50 cm (see Fig. 4.8). A dihedral target is more sensitive to alignment
with the bore sight of the antenna due to the narrow beam width in the vertical plane.
Multiple interactions with the background surface and edge diffraction may be responsible
for oscillations of the co-polarization cross sections around the predicted theoretical values.
Nonetheless the agreement is quite good considering the range of frequencies and manual
alignment of the target in far-zone measurements. It is interesting to note from Eq. 4.31
that the cross-polarization response is proportional to difference between the dual-channel
crosstalk parameters. However the elevated values of the measured cross-polarization cross
section corroborate the inequality of crosstalk parameters in practical systems. In the case
of corrected cross-polarization the response improves by 10 to 25 dB.

The measured cross sections of a canted dihedral target are shown in Figure 4.14. An
attempt was made to tilt the dihedral by 45° thereby enhancing the cross-polarization cross
section at the expense of the co-polarization cross section. The measured and estimated cross
polarization response shows fair agreement at, lower frequencies. In the post processing, it is
estimated that the aspect angle was in error by 3 to 5°, resulting in large deviations in the
X-band. It is interesting to note that the corrected co-polarization response tends toward
theoretically predicted values. Again, oscillations in the weak response might be attributed
to the factors suggested previously.

In summary, a calibration technique for a dual-channel wide-band radar antenna system
is described. Frequency domain measurements were performed in the L, S, C and X-bands. A
rigorous two-port S-parameter representation was used to derive absolute gain and crosstalk
characteristics of the system and these coupled equations were solved using trihedral and
dihedral calibration targets. The results of absolute gain of the antenna agreed well with
the factors computed using antenna dimensions at various frequency bands. A measured
co-polarization cross section showed excellent agreement with the theoretical values. Thus
the confidence on the estimated system gain factors is strengthened further.

The cross-polarization isolation of the dual-polarization system is estimated as -20 to -25
dB. The distortion matrix-based crosstalk correction scheme has improved the system iso-
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Figure 4.12: Co- and cross-polarizations radar cross section measurements of a trihedral target
at L, S, C and X-bands. Theoretical values are obtained using physical optics approximation.
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Figure 4.13: Same as Figure 4.12 except the results for dihedral target are shown.

lation between -45 and -35 dB. The validity of the crosstalk correction technique is demon-
strated by comparing the corrected and uncorrected cross sections in number of targets and
various frequency bands. On the average the correction procedure has improved the dual-
channel isolation by -20 to -25 dB.

4.3 Radar Equation for Distributed Targets

For a random medium with distributed targets, the scattering matrix could not be defined
directly. In general, a random medium consists of a collection of a number of point tar-
gets, each with a scattering matrix sp and located at position fp = {rp,0'p, 4>'p) as shown in
Figure 4.15. Then the equivalent S-parameter representation for a distributed target (Star)
is

Ctar
ctarJ21

ctar
°222

= £2kr*

PP svh
pP

(4.39)

where Fft denotes dp, 4>') since the targets are distributed in an angular extent around the
bore sight direction. The relationships which were used in the previous section, F/,i(0,0) =
C\FV\(0,0) and F,,2(0,0) = C2F^2(0,0), are valid only in the bore fight direction. As a
first order approximation, we assume that Fhi(0'p, 4>'p) = CiFvi{6'p, 4>'P) and Fv2(6'p,4>p) =
C2Fh2(6p,<j>') where C\ and Ci are independent of 0' and 4>'. Substituting these parameters
in the above equation, we obtain

Star
11

ctar
•̂ 21

JP pP CP
* vhrv\rh2

IP pP pP IP pP 2
shvrv\rh2 shhrh2

S>P pP
* vvrvi (4.40)
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Figure 4.14: Same as Figure 4.12 except the results for tilted dihedral target are shown.

where

JP JPS vv s
 vh

JP JP
' hv * hh

- F
This last relationship could be inverted and the result is as follows,

L e t -^I = ff ,(0,0)
squared of S\\T is

a n d / « =

(4.41)

(4.42)

or b e t h c n ° r m a l i z e d field patterns. Then the magnitude

ctar
11

fP 2,P p2
~ Zw Z^ 2*. 2 (4.43)

If we take thf average over A: or the frequency interval of the above equation and assuming
rp ¥" Tq w'hen p ^ q, we find that

Star
11 (4.44)

if /£j and s^v are constant over the frequency. By definition, £ |s{JJ = ^ / (T^.C/^ where <r°t,
p

is the backscattering coefficient of the medium. Then the summation in the above equation
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F is the projection of P into the H-plane of
the vertical feed of the antenna at O
6j is the incidence angle

8' is the latitudinal angle over the H-plane
ip' is the longitudinal angle in the H-plane

marks the symmetry line of ths
antenna pattern

• •• ••••/.•.• ••••••.••.• :•••/••.• \~- v
The region marked with small
circles contains a large number of
scatterers. The height of the
region is hs

Figure 4.15: Coordinate system of distributed target measurements
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can be replaced by an integral as

where Gt,o =
antenna feed.

( 4 -4 5 )

i(0,0)|2 is the bore sight gain or directivity of the vertically- polarized

4.3.1 Surface Scat4 ing Coefficient

For surface scatters <• .1 scatterers that are illuminated by the antenna beam are confined
wiihin a small r v ;o- interval; thus r and <7°t, could be considered constant and dA a ^J-
where Ö, is t\e ucidence angle. Also, we can introduce gv = | / r i | as the normalized gain.
Hence, th -• ove equation simplifies as

Star
11 (47r)3r2 cos 6»,

(4.46)

from the definition of the gain, / Gdfl = 4TT, since G is the ratio between the actual trans-
mitted power density and homogeneously transmitted power. Assuming a Gaussian pattern
G(e',é') = Goe-e'2/flö2

e--*'2/*o2 we find that / GdQ = TTGO^O
 a n d e'o4>'o = 4 / G o- Assuming

that 4>'o = 0'0 will give us a half-power beamwidth 01/2 = 2V\n26'0 = 4 y ^ a 190.8°/y/G^.
For an antenna with 20 dB gain (Go = 100) Ql/7 a 19°, and for a 40 dB gain, 0l/2 ~ 1.9°.
The illumination integral is then J g2dQ = J e-2*2/"'o*d6'f e " 2 * ' 2 / * ^ ' = nffo<f>^ = 2TT/G0.

Since \Fvi\
2 = Go,v the expression for the scattering coefficient is,

,o (47r)3r2cos6»I
Star

11 (4.47)

Also from the definition of the effective antenna aperture ,4C = A2Go/47n. thus,

'11 COS Ö, . (4.48)

For a reflector antenna, the effective aperture is an efficiency factor Tja times the physical
antenna apeiture (Ae = 7/a,4), where .4 is constant and 7ja is almost independent of the
frequency. Hence the correction factor ^~- cos 0, is almost independent of the frequency.

For the cross-polarized backscattering coefficients a®fl and (TJJ,,, we find that we should
calculate the integral / gvghdQ. If the patterns gt and g^ are symmetrical^ ~ 0'0), the result
is simply 4TT/(GO,V + Go^) for a Gaussian pattern, but if cj>'Ov = rv8'0 v and 4>'o h — Th6'0h, then
we evaluate the following expression,

(4.49)

The above is equal to in/ JGQV + I j-4- + ̂ j Go,vGo,h + ̂ \h a ^ e r s°nie manipulation.

Thus the normalized scattering matrix is,

»I *°.H
/0 /

(1-C,C2)2

S l.h~C2s hv-C2* vh+Cis vv
(4.50)
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where
s'°
* tin

S hv

vh _

4j
r ifviisj'

(4.51)

and F ' = -. From the above we find that cr£t. = 4TT cos #,

a°h = 4TT ( | S ° J ) cosö, and a^h = An / \s%h\ \ cosö,. Range r is not generally known a priori,
but it could be deduced from the IFFT of the S-parameters when they are corrected for the
cable influence.

4.3.2 Volume Scattering Coefficient

For a medium where the scatterers are not confined within a small height interval as in
the case of vegetation, the range r is not constant. Such media are better characterized by
a volume backscattering coefficient (<rv). In general av is a function of z, the height over
the soil surface. The relation between av and cr° is an = / av{z)dz. Then the equivalent
S-parameter representation is

tar
n

tar

ctar

tar

p-2jfcr ; f

dv

and the corresponding equation 4.45 becomes

-tar 2 \ =

Since 2kr = 2irft and r = ^ , where t is the time delay, and dv = dA'dr

-.tar _ / J s vvrv\ a-* __2

/ ft2

(4.52)

(4.53)

(4.54)

wrhere dA' is the area element orthogonal to the incidence direction. The inverse Fourier
transform of the above

S\f e Wdf = J I JS'V^£dA' c-2*JfTdTC (4.55)

transforms the data to the time domain. Multiplying the transformed data with t and
transforming back to frequency domain with the Fourier transform

= 7 7/
- O O - O O— OO [ - O C

(4.56)
The LHS of the above equation expresses a convolution of the measured data with the

Fourier transform of the function t. Since the scatterers are confined within a limited region
in range, we could as well convolve with the Fourier transform 6 ' of the function t' defined
as

f O, t < U
t' = { t, U < t < t u (4.57)

0, tu < t,
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where ti is the time delay corresponding to the scatterers' shortest distance to the antenna
and tu to the largest distance. This transform is

(4.58)© ( / ) — \ 2irftc sinjTTft, )+j\irft. cos(7r/ t . ) - s i n ( 7 r / t . ) ] , , - 2 * 7 ftr f -L

where ts = tu - tt and tc = {tt + tu)/2.
Changing the integration variable back to r again

(4.59)

and comparing with 4.53, we obtain

(4.60)

Choosing <fA as a horizontal surface element, the RHS could be expanded as

(4.61)

since aft
vv is only dependent upon z1 and the antenna pattern (|/«i[2 = <?„) is only shifted

when z is varying.
From the discussion above, the representation as in Eq. 4.50 is still valid with the following

alteration to Eq. 4.51 as

/O /O
ft vv a vh

s At- s hh

r iF^Ks^.e') f'ts^.e')
(4.62)

In practice S ta r is not known as a continuous function of / , but only for a limited number
of frequency points. The convolution above is then performed with the aid of the fast Fourier
transform technique. First, the continuous function ©'(/) is sampled with the same spacing
as the S-parameter data {&(k£f)Af;k = - oo , . . . , - 1 , 0 , 1 , . . . , oo), this sampling makes the
time domain response periodic with period I /A/ . Then the length of the infinite sequence
is truncated (Q'(k^f); k = —L,..., —1,0,1,... ,Z). This truncation will introduce sidelobes
in the time domain. In order to reduce sidelobe effects, an appropriate window is applied to
the data {&(kAf)W{k)A/; ib = - L -1,0,1 , . . . , ! , ) . A number N >2L + F, where F is
the number of S-parameter data points, is chosen and the vector

&{k£f)W{k)±f
Y{k)= { 0

e'((* - N)Af)W(k -

:Jfc = 0 , 1 i
(4.63)

is transformed with IFFT together with the S-parameter data that has been appended zeros
to form a vector of length N. The transforms are then multiplied together and transformed
back to frequency domain with FFT, and finally multiplied with Ar.

Since we do not expect the beam to be completely filled with scatterers for each and
every range bin, it may not be appropriate to use the IFFT as a measure of ov, the radar
cross-section per unit volume. In general, av varies with the height over the ground level,
so each range bin contains contributions from scattering volumes with different av, that lie
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at the same distance from the antenna. However, if we go back to the frequency domain
again via the FFT, the result is that all the scatterers within the main-lobe contribute to
scattering. Still, there will be a large fluctuation in the magnitude of s° with frequency, due
to the fact that different scatterers sum up with different phases — jkr. By averaging over the
entire frequency band those variations could be reduced. Also, if the area could be considered
homogeneous in some respect, several measurements from different footprints over the area
could be averaged.

4.4 Correction for Satellite Interference

Satellite up- and down-link communication channels are in the microwave regime. Occasion-
ally these signals might be picked up by the receiver chain. This interference appears as
speckle in frequency domain S-parameter data and it distorts the gating procedure. Since
the original S-parameter data are fluctuating in nature, it is not easy to detect these arti-
facts, especially in the 5n and 522 data streams. However, both Si 2 and S21 are measured,
and they are equal in the absences of interfering signal. It is always the 'raw' data that
is corrupted. Since we use the 'full 2-port' calibration technique to correct the data, all
other S-parameters in the calibrated data set will be affected, even if only one of the raw
S-parameters contains any error. Thus the difference between Su and S2i could be used to
detect satellite interference. However, due to measurement noise and numerical truncation
in the built-in calibration procedure, S12 is not exactly equal to S21, but they are related by
S12 = p^2i + e, where p is a complex constant very close to 1 for each frequency band and
e is the difference between the thermal noise in the different measurements. The constant p
could be determined from p = £ 5 ^ 5 ^ / £ ^ z i ^ : - Since the ratio S12/S21 could be very
large for corrupted frequencies, only values of S12/S21 — 1 with a magnitude less than 0.1
are taken into the average. The thermal noise (e) is then equal to S12 — pS2\- This is a
complex quantity with real and imaginary parts distributed as a Gaussian with zero mean
and standard deviation o ss 3 10~5, corresponding to a noise value of-90 dB. Values of e with
a magnitude larger than 10<r(ss 3 10~4) are most likely to be due to satellite interference,
since the probability for the noise to exceed this value is very low (e~50 or 10~23). Once those
errors in the measurements have been detected, they can be estimated by first multiplying
the S-parameter data with a window and transforming them to time domain via IFFT. If
the data contain only one frequency with a large error, this will appear as a flat trace in the
region after the antenna response. The magnitude of the error in the time domain is the
magnitude of the error in the frequency domain, scaled by a factor N and multiplied with
the corresponding window value. Assuming that the fc^th frequency sample is contaminated
with an error E, then the measured S-parameters are S(k) + E6(k - kE), where 6(k) is the
Kronicker delta. Multiplying with the window function and transforming via IFFT we obtain:

1 F~i l F~1 1

j Y{S(k) E6(kkW(k)2ir:>kn/N = jjY, S(k)W(k)t2*jkn?N + ±-N /t=o N k=o N

(4.64)
In the absence of interference, the measured S-parameter data are generally very small

for ranges between 70.3 m and 117.2 rn (600 < n < 1000 with N = 1024). This is valid for
all S-parameters. Neglecting the 'true' S-parameters in this region,

1000 , 4 f l 1

£ j-EWikE^tWc-**1"»"1 = f£r.EW(kE) (4.65)
n=600 JV WZq

with N - 1024. This relation could be identified as the Jfc£:th point in the FFT of the IFFT
in the previous relation multiplied with a window w(n), which is 1 when 600 < n < 1000 and

85



Loganthic magnitude of S,: - p5, Log mag of IFFT(SW) before correction

Frequency (GHz)

Log mag of FFT([ IFFT(SW)] v/VW

Range (m)

Log mag of IFFT(.SW) afier correction

Frequency (GHz) Range (m)

Figure 4.16: S-band S12 and S21 data subject to interference, a) shows the magnitude of
the difference between S12 and pS2i. The decision level for interfered data is marked with a
dotted line, b) shows the time domain response of the unconnected data, c) shows the FFT
of the time domain response multiplied with a Hanning window and d) the time domain
response of the corrected data. Due to the small distance between the corrupted S12 data
points, the interference is not completely canceled. Repeating the procedure once more will
make the two responses almost identical.

0 otherwise. Thus

E =
N

w(n)W(kB)

-FFT([IFFT(S'W)}w). k = kE (4.66)

where S' are the measured S-parameters v/ith interference error. If more than one frequency
contains error, the boxcar window w should be replaced with a smoother one, e.g. a Hamming
window, in order to reduce sidelobe interference between the frequencies. Figure 4.16 shows
data which are distorted by interference together with the corrected response.



Chapter 5

IRF Scatterometer Measurements
of The Biosphere

5.1 Introduction

Microwave remote sensing of vegetation, soil and snow cover has become an important disci-
pline for the Global Change Research program. Improved understanding of the interactions
between the forest biome and atmosphere is one of the key components in global change stud-
ies. The processes such as the exchange of water vapor, heat, carbon and trace gases between
vegetation and troposphere are being investigated to quantify the global change phenomena.
In addition to vegetation, terrain and snow cover also plays an important role. For example,
snow covered terrain reflects much more sunlight than bare soil, leading to less heating of the
soil and atmosphere.

Synthetic /. iierture Radar (SAR) technology has proven its utility in retrieving biomass
and classificat > i of ecosystems. Biome depends on a number of microphysical parameters of
vegetation. ' ' j> single polarization and single frequency radar backscatter coefficients are
prone to in p cies in biomass estimation and vegetation classification. On the theoretical
frontier, m i vt ve canopy scattering models are also incomplete due to their limited poten-
tial to hai J: t'le realistic canopy and surface structures. In the following sections a brief
review of r ' d< .ing and measurements of the microwave remote sensing of vegetation, rough
surface and i<. JW cover are presented.

The IH' icatterometer was used to collect backscatter measurements of rough surfaces,
birch trei.' \nd snow cover. Scattering from distributed targets exhibits fading due to inter-
ference < i /iig individual scatterers within the resolution volume. We derived fading decor-
relation >' stance and bandwidth for rough surfaces and compared them with the theory.
Polarizati< a responses and differential backscatter phase observations are discussed. Also,
temporal !'-ickscatter measurements of vegetation and snow cover are presented.

5.2 Review of Theoretical Modeling of Radar Signatures for
Vegetation and Surface

For vegetation, the scatterers (such as leaves, branches, trunks etc.) have a discrete con-
figuration and have dielectric constants that are much larger than those of the background
medium. The physical properties of the interface, dielectric properties of the scatterer and
the background medium are the major factors responsible for the scattering at microwave
frequencies. Waves scattered by random media are used to determine remotely the average
physical parameters of vegetation and soil. Typical vegetation parameters are volume frac-
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tion of leaves, branches, trunks, leaf area index, and biomass; surface parameters are soil
moisture and roughness.

Although developing the scattering models has been a part of the remote sensing studies
since the beginning, it remains a difficult problem and only recently scientists are making
progress towards more realistic models. Two basic approaches (and their variations) are pri-
marily used to model the radar backscatter from vegetation canopies. The first approach
considers the canopy as a continuous random medium whose permitivity consists of an av-
erage and fluctuating part as in the Born approximation [3]. The second approach assumes
the canopy to be a collection of discrete constituents each of which is characterized by its
scattering and extinction properties. Thus, scattering models are developed based on the
density and distribution parameters of canopy constituents. The exact or ideal quantification
of forest or vegetation scattering in terms of solution of field equations, subject to the bound-
ary conditions imposed by the spatial location of leaves, twigs, branches, trunk and ground
cover, is too complex and only simple forest geometries can be studied by this approach.

Radar modeling of vegetation backscatter can be broadly classified as follows: (1) ana-
lytical framework in which models are based on rigorous electromagnetic scattering coeffi-
cients (2) regression models which are based on preconceived mathematical relations between
measurements and bio-physical parameters and (3) conceptual models in which temporal
backscatter phenomena are studied in terms of a known tractable model which represents
vegetation growth process etc. Wu and Sadar used the regression model to invert polari-
rnetric SAR data to infer forest bio-physicai parameters [47]. Conceptual models are used to
integrate the radar measurements to monitor plant water and soil moisture in crop growth
studies [2].

The development of analytical models based on a rigorous electromagnetic scattering
approach involves two primary tasks. First, the major scattering centres such as trunk,
branches, ground and foliage should be identified for the frequency of interest. Then energy-
matter interactions that are seen to be important (foliage volume scattering, trunk-ground
etc.) for a particular forest stand configuration should be considered [30]. The radiative
transfer approach is used to quantify both low and higher-order scattering mechanisms. The
Michigan Microwave Canopy Scattering model (MIMICS) proposed by Ulaby et al. considers
the tree canopy as a number of distinctive layers based on their respective scattering charac-
teristics [40]. MIMICS I models the tree canopy comprising of a crown layer, a trunk layer and
rough-surface ground boundary. Only the closed (continuum) canopy structures are modeled
by MIMICS I. In practice the canopy structures are discontinuous in location and geometry.
MIMICS II is developed to model scattering signatures of discontinuous vegetation structure.
The backscattering coefficients are averaged over the statistical properties of size, shape and
location of canopies [22]. Inclusion of the discontinuous nature of canopy structure has im-
proved the backscattering characteristics at shallow incidence angle and at higher frequencies.
Phase and extinction matrices describe the average scattering characteristics of an ensemble
of scatterers in each layer of the MIMICS program. Also, the general formulation enables the
calculation of backscattering coefficients at any transmit/receive polarization configuration
using the polarization synthesis approach [48].

Higher order scattering processes are included by describing the forest scattering phe-
nomenon in terms of a radiative transfer model or by a statistical approach such as the
Monte-Carlo method. Multiple scattering processes in the vegetation medium are considered
as a chain of collisions between the photons in the incident beam and discrete scatterers.
Phase and extinction matrices describe single scattering characteristics. The radiative trans-
fer model for a finite canopy structure (open-canopy) is numerically complicated to solve.
However, Monte-Carlo methods are used effectively for modeling open-canopy structures.
Chuah and Tan used a backward Monte-Carlo technique to study radar backscatter from

88



half-space random media (4). Their results are in reasonable agreement with actual measure-
ments.

5.3 Review of Backscatter Measurements of Vegetation and
Surfaces

Some of the earliest models considered only the volume scattering effects of canopy. The cloud
parameter model by Attema and Ulaby describes the volume scattering effects of canopy
elements as randomly spaced equivalent spherical water scatterers [1]. Backscattering of
underlying soil surfaces and attenuation due to vegetation canopy are included in estimating
the normalized radar cross section in the cloud parameter model. It was suggested that a pair
of measurements at various radar elevation angles can be used to infer both the plant water
and soil moisture parameters. In practice, the above mentioned inversion procedure using the
radar backscatter alone gives erratic results due to lack of contrast between vegetation and
soil, and because of orientation parameters of stems and leaves. In an attempt to reduce the
ambiguity in the inversion procedure, radar data were integrated into crop growth models
which are based on the relationships between the physiological process of vegetation and
environmental conditions such as solar radiation, temperature, day length, water and nutrient
availability [2]. Subsequently, the growth models retrieved a better estimate of biomass.

Identification of sources of scattering and attenuation in the various parts of vegeta-
tion is necessary for interpretation of backscatter signatures from complex vegetation media.
Fine-resolution radar measurements with defoliation experiments may be one of the effective
techniques to diagnose the relative intensities of various scattering mechanisms [46]. The
results of defoliation experiments showed that the returns from the top leaves of a corn plant
and head of a milo plant are dominant isotropic scattering centres at X-band. Attenuation
at X-band is mainly due to leaves. The penetrating depth of X-band into vegetation media
is shallow compared to C-band due to attenuation. Attenuation is directly proportional to
moisture content and increases with frequency. Using an FM-CW radar scatterometer with
a range resolution of 11.5 cm. it has been demonstrated that petioles and stems of deciduous
trees (e.g. sugar maple, pin oak) are major depolarizing objects at C-band [49]. Attenuation
through leaves is negligible compared to attenuation introduced due to scattering by the pri-
mary branchlets. In the case of pine trees, needles and cones produce significant scattering
due to their relatively higher moisture content [50].

For a more complete, and yet viable model, scattering from forest stands are analyzed in
terms of four major backscattering mechanisms such as (i) foliage volume scattering, (ii) un-
dercover surface scattering (iii) specular reflection from trunk onto the ground and back to the
sensor and (iv) forward scattering from the foliage to the ground, again followed by specular
reflection back to the sensor. Each of the above-mentioned components is added incoherently
to characterize the first-order scattering [30]. First-order scattering includes scattering pro-
cesses that involve single scattering by each region and double scattering by pairs of regions.
Models based on first-order scattering show sensitivity of polarimetric observables due to ori-
entation and bio-physical variables. For a coniferous forest, the HH polarization normalized
backscatter coefficient is dominant among all of the scattering processes and is largely deter-
mined by the trunk-ground scattering mechanism. The HH polarization response increases
with incidence angle. The VV polarization response of the trunk-ground term is comparable
to the crown-ground and direct surface backscattering components. The VV trunk-ground
scattering values decrease with an increase in incidence angles and at high incidence angles n
is comparable to the volume scattering of crown layers. Scattering due to the trunk-ground
term is an order of magnitude higher than the foliage contributions for coniferous trees at
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L-band due to deeper penetration of the wave. Siuce the specular ground reflection at HH
is stronger than the corresponding YY component, the HH trunk-ground term is dominant.
The dihedral reflector mechanism is used to model this effect. In situations where there exists
a mean slope in topography or the tree stands exhibit leaning in a particular direction, then
the trunk-ground backscatter reduces significantly [15]. Thus the bole volume estimations
based on backscattering are affected by topography and/or leaning trunk induced errors in
scattering coefficient.

The crown-volume scattering term increases with the incidence angle at all polarizations.
In general the crown backscatte»" coefficient is small compared to the total backscatter re-
sponse at L-band. At shorter wavelengths, volume scattering due to the crown increases.
The cross-polarization term (HV) is primarily determined by the crown and crown-ground
batkscatter [36j. Generally, the scattering coefficient values are proportional to the density
of trees at lower frequencies. For a given tree, crown and crcwn-ground backscattering in-
crease with the number density of branches and needles, -voile the trunk-ground and direct
surface backscattering terms decrease slightly due to the increased extinction. The lack of
sensitivity of the co-polarization scattering coefficient to biome lead to the investigation of
alternative measurements at higher frequencies (above C-band). It was found that the cross-
polarization signal seemed to correlate strongly with biomass. It was also shown that ranging
radar estimates of tree height and stem volume is better than the earlier lidar-based results
[13].

It is also well known that tree height, trunk diameter and branch density are non-Iinearlv
related to multifrequency scattering coefficients. The degree of dependency is also a function
of forest type and surface characteristics. In the spirit of improving the standard regression
based inversion technique, Pierec et al. [29] developed a neural network based inversion
method. The neural network method provides a suitable technique to invert a number of
average physical parameters from multifrequency and multi-polarization radar measurements.
Using the MIMICS modeling program, a set of training data was generated which spans
the natural variability in tree structures. Based on P-, L- and C-band polarimetric radar
observables. it was shown that neural network based inversion results are better than that
obtained via the direct inversion techniques. As a further improvement to the neural network
method, a dynamic learning algorithm which makes use of Kalman filtering has been proposed
[38]. The Kalman filter based method is able to incorporate the stochastic characterization
of incoming real data and improves the convergence rate in the learning process of the neural
network.

5.4 Measurements of Spatial and Frequency Correlation Co-
efficients of Rough Surfaces

Radar signals scattered from distributed targets exhibit fading due to interference associated
with coherent scattering from individual scatterers within the resolution volume. The uncer-
tainty in the radar measurements which arises as a result of fading is reduced by averaging
independent samples. Independent samples are obtained by collecting the radar returns from
non-overlapping footprints (spatial averaging) and/or non-overlapping frequencies (frequency
agility techniques). An improved formulation of fading characteristic?; for the spatial aver-
aging and frequency agility technique is derived by taking into account the rough surface
scattering process [25]. Kirchhoff s approximation is used to describe rough surface scatter-
ing. Expressions for fading decorrelation distance and decorrelation bandwidth are derived.
Rough surface scattering measurements are performed between the L ind X bands to verify
the improved theoretical formulations of fading decorrelation distance and bandwidth. Here
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we describe only the measurements of correlation coefficient using our scatterometer. The
geometry of the experimental setup showing the incidence angle and footprint resolutions are
shown in Figure 5.1.

Two experimental sites with different surface roughness characteristics were selected. A
typical area of rough surfaces was about 100 m2. The nature of the soil and moisture content
of both the sites was similar. The collection of rough surface profiles involved measurements
of surface heights along 10 m radials. For each site a number of rough surface profiles were
collected. Figures 5.2 4, and b show the distribution of surface height variation and conform
tc a ncrmaJ distribution. The estimated rms heights for the two surfaces are 13.8 cm and 7.7
cm. figures 5.2 c. and d show the corresponding covariance functions of the surface height
variation-,. Estimated correlation length for the rougher surface (rms height 13.8 cm. site
X) is 0.6 vi. Th? second surface with lower surface roughness (rms height 7.7 cm, site Y) is
estimated as 1.7 m. Site X consists of river-bed rocks and site Y is barren land.

The polarimetric scatterometer described in the previous chapter was used to record the
backscattered signals in the L, S, C and X - bands. Within each of the frequency bands, 800
measurements separated from each other by 1.25 MHz were collected. Also at each frequency,
a total of 32 observations were averaged to improve the signal to noise ratio. For a particular
incidence angle the antenna was scanned over a range of azimuth angles (é) in two degree
increments (A<£). These measurements were used to estimate the spatial covariance function.
An estimation of the covariance function for kth frequency point can be written as,

1 N, — n

cäv{ nAy) = — V Ek ( y} ) Ek ( yJ+n ), n = 1. A5 (5.1)
J V j ~ n j = \

where Ay = h tan 60 Acf> = spatial increment
h = mast height,
do = angle of incidence,
Ns = number of spatial samples,
Ek(yj) — received signal for kth. frequency sample and j t h spatial position, k = \, Nj,

and
Ay = number of frequency points ( = 800).
The corresponding correlation coefficient is

- / A N cÖv(nAy)
ck{nAy) = . (o.2

cov( 0 )

This procedure was repeated over 800 frequency points for each band to obtain a better
estimate of the correlation coefficient as,

1
c,(nAy) = — Y, Ck(nAy). (5.3)

The estimate of correlation coefficient for the frequency agility technique was computed by
interchanging the spatial and frequency variables in the above equations .

Figure 5.3 shows the plots of measured and theoretical correlation coefficients of spatial
averaging versus normalized separation distance between the footprints. Fading decorrela-
tion length depends on both surface roughness and actual form of the surface correlation
coefficient. The correlation coefficient not only depends on frequency of separation but also
roughness parameter, incidence angle and footprint size. For theoretical curves the antenna
footprint along the y axis ( Ly ) for a given look-angle ( 80 ) is Ly = 4>a h / cos( 80 ) where 4>a

is the 3 dB antenna beamwidth in azimuth. The roughness parameter p ( = h ,s cos0o) 3> 1
for both surfaces, and the footprint dimensions are larger than the correlation lengths of the
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Figure 5.1: Antenna illuminating a rough surface at range r and incident angle <V P\ and
Pi are consecutive antenna positions. Lx and Ly are the footprint dimensions in the x and y
directions respectively, h is the height of the antenha mast and Ay is the separation distance
between footprints.
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Figure 5.2: Statistical properties of surface height variations for experimental sites X and
Y. (a,b): Distributions of surface height variations for site X and Y respectively. (c,d):
Corresponding covariance functions of surface height variations.
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Figure 5.3: Plots of measured and theoretical correlation coefficient versus normalized foot-
print separation for spatial averaging. Results from two different rough surfaces are shown
at L, C and X bands.
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Figure 5.4: Plots of measured and theoretical correlation coefficient versus frequency of sep-
aration for the frequency agility technique. Results from two different rough surfaces are
shown at L, S and C bands.

surfaces. Thus the fading decorrelation distance is smaller than the correlation length of the
surface according to Eq. (11) in [25]. The total number of independent samples (a) in a given
footprint were around 28 and 6 for sites X ar.^ Y iespectively. As expected for these high
values of a, measured correlation functions approach asymptotically the curve described by
Eq. (15) in [25]. Radar returns are independent for non-overlapping footprints. At higher
frequency bands the comparison between measured and theoretical values was even better.

Figure 5.4 shows plots of measured and theoretical correlation coefficients versus frequency
separation. For theoretical curves the antenna footprint along the x axis ( Lx ) for a given
look-angle ( #o ) is Z>z = 6a h I cos2( 0o ) where 6a is the 3 dB antenna beamwidth in
elevation. The plots show good agreement between theory and measurements. As expected,
the correlation coefficient decreases with the increase in frequency separation. For a given
surface roughness the correlation coefficient tapers off slowly at higher frequency bands.
This phenomenon is due to reduction of the antenna footprint at higher frequencies. The
correlation coefficient within each of the frequency bands drops off faster as a surface becomes
rougher. Thus the measurement results are consistent with the change in roughness of the
surface and frequency of observation.
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5.5 Experimental Set-up fr*r Vegetation and Snow Cover
Measurements

Between October 1993 and September 1994. radar backscatter measurements were collected
at the test site near the Swedish Institute of Space Physics. Kiruna Sweden, located 140 km
north of the Arctic circle. The microwave signal generator and the p -cessing equipment were
housed in a small cabin on the ground. A dual-polarized (vertica1 j.nd horizontal) antenna
with parabolic reflector was placed on a fixed mast of 17 meters ia height. The topography
of the measurement site is fiat-to-gently rolling. The area consists of birch, pine trees and
grass land. The nature of the soil was wet and covered with shallow ground cover plants.
Around the fixed mast, a number of spots were selected to acquire backscatter measurements
periodically. Data were gathered from a distance of approximately 25 m. The radar foot
print size was 2.5 m and 1.4 m at S- and C-band respectively.

The region around the measurement site has a number of interesting surface and veg-
etation features depending on the season. A grass area of 150 m2 is located west of the
mast. This location is gradually covered with natural snow fall during the season and also
the ploughed snow from the adjacent parking space is piled on this area. As of this date,
average snow cover on this spot is about 2 meters. On the southeast side of the mast, there
are a few birch trees (one per square meter) and the area is protected from direct sun light
by the near by tall pine trees. This spot is about 15 m2 is extent. The ground gently slopes
away from the mast. The total natural snowfall accumulation on this site was 0.9 m. Average
diameter of the birch trees at breast height was 1.5 cm and height of the trees was 2 m.

The nearby cabin which houses the microwave signal generator and data processing equip-
ment restricts the scan angle range of the instrument. The scatterometer collects a sum of 800
measurements in each frequency band which are separated from each other by 1.25 MHz. At
each frequency point, a total of 32 »bservations are averaged to improve the signal to noise
ratio. It takes about 1.5 minutes to gather a single Mueller matrix observation. The 800
frequency domain measurements are transformed to time domain via fast Fourier transform
to obtain the range information. The range resolution is 20 cm. An accurate estimation of
the range information necessitates the antenna to be stationary throughout the 1.5 minutes
which is needed to collect the 800 frequency samples. Any presence of wind smears the range
information and the corresponding backscatter scattering coefficients become biased.

5.6 Polarization Synthesis and Differential Backscatter Phase
Observations

Polarimetric radar remote sensing of anisotropic media composed of non-spherical scatter-
ers has been successfully used to obtain enhanced information. Particularly for scatterers
which are small compared to the wavelength, the average shape and orientation can be in-
ferred from polarimetric observations [44]. At higher frequencies or in the case of large
scattcrers compared to wavelength, depolarization ratio is used to distinguish spherical and
non-spherical scattercrs irrespective of their orientation distribution [7], However, backscat-
tcr measurements of soil, forest and rough surface exhibit minimal polarization signatures.
Depolarization phenomena and limited polarimetric properties are used in qualitative target
classification [6]. By receiving co- and cross-polarized backscattered signals in one of the
polarization basis, the synthesized co- and cress-polarized radar cross section (RCS) can be
derived [39]. The polarization response is composed of RCS as a function of transmit-antenna
polarization characteristics (ellipticity and tilt anp • -. It is used for enhancing RCS from a
desired target in the presence of clutter ai .< <,.••- classification studies. Ulaby et al. have
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recently shown that the differential co-polarized backscatter phase is related to the geomet-
rical and dielectric properties of the distributed targets [41]. In the case of rough surface
scattering, the variance of the co-polarized phase difference is sensitive to roughness param-
eter. Generally, multiple scattering and Mie scattering effects in random media complicate
the quantitative interpretation of backscatter phase observations.

This section discusses interpretations of polarization synthesis results of simpie point
targets and distributed scatterers such as vegetation. The polarization responses are displayed
on both Poincaré sphere and Cartesiaa space. The polarization responses of a dihedral
target and vegetation media are compared to identify the dominant scattering mechanism.
Measurements of co-polarized backscatter phase measurements are used to show that the tilt
angle in a polarization response plot is due to backscatter phase difference.

5.6.1 Polarization Response

A polarimetric scatterometer is a dual-channel radar which transmits in orthogonal polariza-
tions and receives both the phase and amplitude of the echo. Once the complex scattering
matrix is measured in one of the convenient polarization basis then it is straightforward to
synthesize the responses for an arbitrary polarization combination of receiving and transmit-
ting states. The polarization spates pt and pr are usually characterized by a set of polarization
angles (i>t,Xt) and {4>r,Xr) respectively. Thus

p = (cos ip cos x — j sin ip sin x)^ + (sin i> cos x + j cos ip sin x)h (5.4)

where tp is the rotation angle and x is the ellipticity angle.
The co-polarized (pT = pi) and cross-polarized {pf-pr — 0) received signals lend themselves

for interesting analysis. In terms of polarization angles, the co-polarized state corresponds
to (i/v,Xr) = (i>t,Xt)- Similarly for the cross-polarized state, the angles are (</v,X>) =
{i>t + TT/2, — xt) or {pvr-iVhr) = iv'hv ~Pvt)- The backseat tering matrix is always symmetrical
i.e., Shv =• svff As shown in Chapter 2, the co- and cross-polarized scattering cross sections
as a function of polarization state are

of = 47r|stJ1Jpr(
2 + 2svhpvtPht + ShhPht2\2 (5.5)

and

a* = ii:\svvpvtp*ht - ShhPhtPlt + Svh{\Pht\2 ~ \Pvt\2)\2- (5.6)

Examples of polarization responses for a number of point targets are shown in an earlier
chapter. For the sake of continuity, we show again the polarization responses of a dihedral
target and in the following subsection they are discussed in the context of actual backscatter
measurements of birch tree stands. Figure 5.5 shows the polarization response for a dihedral
target with sides of length 'a' and '2b'. A dihedral corner reflector consists of two rectangular
plates which are joined together at right angle. The reflector is illuminated along the bisector
between the plates and at right angle to its seam. The orientation of the seam in the plane of
polarization is prescribed by angle ipj from the local vertical direction. The scattering matrix
of a canted dihedral is

sin 2%>& - Co:

The corresponding cross sections are

(o.7)

X = «2£!ii8in22(V;V;rf)cos22x '
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Figure 5.5: The co- and cross-polarized responses of a dihedral corner reflector oriented
vertically.

For a given ellipticity angle (\), the maxima in co-polarization and minima in cross-
polarization responses occur at xp = ipj. The polarization response of a vertically oriented
dihedral is identical to that of a trihedral (or sphere) except they are rotated by 90 degrees
in the u-v plane around the q-axis. The rotation of the polarization response is due to the
co-polarization backscatter phase difference in the case of dihedral target. The 180° phase
difference between co-polarization scattering elements translates to a rotation of 90° in po-
larization response. The canting angle ^ tilts the polarization response in the q-u plane by
2 V'd- Response for a dihedral target tilted in the plane of polarization of the incident wave
is shown in Figure 5.6. Angle of the tilt is 45°from the vertical.

5.6.2 Backscattering Measurements of Birch Trees

A tree canopy is comprised of a number of scatterers of different sizes, shapes and orienta-
tions. The backscatter response is an ensemble average of scattering responses due to all
of the scatttrers in radar resolution volume. For distributed targets, the scattering matrix
elements are random variables with zero mean and a variance proportional to the illuminated
area (̂ 4). i.e. < aTt >= ^tA. a°t is a characteristics of the medium and is traditionally
called as backscattering coefficient. In general, the total backscatter from a canopy struc-
ture is a synthesis of volume scattering from the crown, surface scattering by the ground
and double-bounce scattering between trunk and ground, and crown and ground and also
all other higher order scattering [40], [30],[16]. A number of modeling studies and measure-
ments at various frequencies and polarization have been carried out to identify the dominant
scattering mechanisms. Tb° understanding of the primary scattering mechanisms is useful
in classification of forest types and estimation of biomass [40]. It has been shown that at
higher frequencies (i.*\ above X-band) scattering from the crown layer is important [26]. At
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Figure 5.6: The co- and cross-polarized responses of a dihedral corner reflector oriented at
45 degrees.

lower frequencies trunk-ground and crown-ground scattering components play a dominant
role [30]. Polarization response plots of forest and rough surfaces media are used to analyze
the above-mentioned scattering processes.

A mult'-frequency and dual-polarization scatterometer was used to measure complete
polarimetric response of birch trees [34]. Figure 5.7 shows the co- and cross-polarization
responses in the C-band at 36° incident angle. A sum of 800 measurements separated from
each other by 1.25 MHz were collected. At each frequency point, a total of 32 observa-
tions were averaged to improve the signal to noise ratio. The decorrelation bandwidth of
the canopy medium was estimated as 30 MHz. The scattering cross sections were estimated
within ±0.7dB accuracy. The polarization response exhibits a 'pedestal' due to an unpolar-
ized backscatter component which leads to decrease in degree of polarization. The overall
structure of the response resembles that in the case of dihedral corner reflector (see Figure
5.5). However, the lower degree of polarization blurs the sharp maximum and null charac-
teristics in polarization responses. Also, the co- and cross-polarization responses are tilted
in u-v plane by 53° from vertical. It was shown in the previous sectio:.. that any tilt in
the u-v plane corresponds to a co-polarization backscatter phase difference. To investigate
this phenomenon, we retrieve the polarization phase differences from the Mueller matrix el-
ements. Figure 5.8a displays the distribution of phase differences between the HH and VV
polarizations. The co-polarization phase difference has a mean value of 106°. It is interesting
to note that the tilt angle is almost half of this co-polarization backscatter phase difference.
The phase difference between co- and cross-polarization is shown in Figure 5.8b. The cross-
polarization phase is uniform and agrees with the previously reported measurements [40].
Based on these observations, we infer that the primary scattering element is almost identical
to that of a dihedral i.e. trunk-ground interaction. The mean backscatter phase difference of
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Figure 5.7: The co- and cross-polarized responses of birch trees at C-band.
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Figure 5.8: Histograms of the co and cross-polarized phase differences for birch trees at
C-band.
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Figure 5.9: C-band backscatter measurements as a function of local time for a birch stand.

'the dihedral target' which is composed of trunk and ground is about 106°. The magnitude of
backscatter phase depends on frequency, angle of incidence, vegetation structure and ground
characteristics. Additional analysis of backscatter phase in a variety of vegetation structures
is necessary to fully understand its potential in remote sensing applications.

We discussed some of the preliminary analyses of data gathered from vegetation media.
Displays of polarization responses over a Poincaré sphere provides an alternate way of exam-
ining the backscatter signatures. It has been shown that a tilted dihedral scattering signature
correlates well with the polarization response of birch trees. We are in the process of analyz-
ing multifrequency (L, S, C and X-band) data to study the sensitivity of backscattered phase
at various frequency bands.

5.7 Temporal Variations in Radar Backscatter Coefficients
of Birch Tree Stands

Backscattering coefficients reach saturation limits for biomass levels around 2kgm~2 at C-
band [14]. The biomass saturation limit is higher at lower frequency bands. Detailed field
experiment results indicate that for a given biomass, the backscatter measurements vary
on the order of several dB depending on the changing environmental conditions such as
temperature, soil moisture and tree structure, etc. [24].

To study the temporal variation of backscatter coefficient over the diurnal cycle, we
focused our studies on one of the spots with birch tree stands. The data were collected on
March 30, 1994. The area, located to the southeast of the mast, was covered with 90 cm of
snow. Figure 5.9 shows C-band temporal variations of scattering coefficient for 24 hour time
periods. The corresponding temperature time series is shown in Figure 5.9b. It was observed
that there was a decrease in crff** during the noon and evening hours with corresponding
increase in depolarization ratio. o$v values were unchanged. Since the primary scattering
component is the trunk- ground term, any change in either trunk dielectric constant or snow
cover wetness due to diurnal heating might have altered the scattering characteristics.

5.7.1 Backscattered Measurements of a Snow Layer

The snow layer exhibits an inhomogeneous microphysical profile due to the melt-freeze cycle.
The snow grain sizes might vary from 1 to 3 mm. Also, the top layer of the snow gets
covered with fresh snow through the season. Microwave backscattering measurements of
snow cover have been performed to estimate snow pack water equivalent as a function of
<r° [33], [42]. The backscatter property of snow layer depend on the following: grain size,
wetness, snow depth and ground surface roughness. At higher frequencies (X- and K-band),
roughness of the snow surface does not alter the backscatter coefficient [27]. Total backscatter
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Figure 5.10: C-band backscatter measurements as a function of incidence angle for two
different snow layer depths.

is the incoherent sum of scattering from the ground and volume scattering within the snow
layer. Longer slant range at high incident angle enhances the volume scattering effect. It is
known that a0 is a sensitive function of snow wetness. The wetness quantifies the volume
percentage of liquid water contained in a unit volume of snow. The backscattering coefficient
generally decreases with snow wetness [33]. The wetness in snow leads to higher attenuation
i.e. increased forward scattering and enhanced brightness temperature. Thus scattering from
dry snow is stronger for a given frequency and it increases with the frequency.

In the following paragraphs, some of the preliminary analyses of snow backscatter mea-
surements are presented. c ^ w as a function of incidence angle is shown in Figure 5.10 for two
different snow layer depths. Roughly about 50 cm of fresh snow fell between the measurement
periods; the snow depth was increased from 30 cm to 80 cm. The air temperature stayed
below freezing throughout the interval. Volume scattering within the snow layer is enhanced
at low incidence angles. However, rough surface scattering at high incidence angles reduces
the effects of volume scattering at higher incidence angles. Dry snow exhibits much higher
backscatter. There is no significant change in depolarization ratio due to volume scattering
effects.

Figure 5.11a shows C-band backscatter measurements as a function of incidence angle
at two different time periods for the same day. <r°HH observations at noon and 16:30 hours
are compared. On this day, the temperature varied between -5 to +7° Centigrade. The
time series of temperature is shown in Figure 5.11b. As a result of warm temperatures, the
snow layer became wet. Thus o°HH values were lower during the later time period. The
scattering coefficient decreased by as much as 4 dB at 45° incident angle. The higher value
of backscatter at 55° is due to the presence of a birch tree within the radar footprint. The
ratio between cross-polarization and co-polarization scattering coefficient, i.e. depolarization
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Figure 5.11: C-band backscatter measurements as a function of incidence angle at two dif-
ferent time periods for the same day (a). Time series of temperature is shown in b

ratio show enhanced values for wet snow conditions.
We have presented a preliminary analysis of backscatter measurements from birch trees

and snow cover. Scattering from birch trees on snow covered ground shows variations due
to diurnal heating. Results of the snow backscatter measurements are in good agreement
with earlier observations. We plan to perform detailed model computations of scattering
characteristics and to compare them with the observations.
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Chapter 6

Summary and Conclusions

The purpose of this research was to design, build and operate a multifrequency microwave po-
larimetric scatterometer. Th» system consists of a standard HP network analyzer, a crossed
log-periodic dipole antenna and a parabolic reflector. The network analyzer performed the
functions of both transmitter and receiver. The antenna and receiver chain were fully cal-
ibrated. The system is transportable and the antenna can be mounted at three different
heights on an expandable mast of 27 m in height. Its range resolution is 20 cm and trans-
verse lesolutions are determined by radiation beam widths. The measurements collected
using the scatterometer were compared to the well-known point target characteristics and
they showed excellent agreement. The system is suitable for acquiring ground truth of a
specified area and these scattering coefficients can be used to calibrate the spaceborne ob-
servations such as in the case of ERS-1, JERS-1 and NASA's SIR-C/X-SAR missions. In
the following paragraphs we describe the results of our research report to expand on the
above-mentioned succinct summary.

In Chapter 2, the polarimetric scattering theory was developed. The scattering matrix, the
Mueller matrix and the covariance matrix representations for a number of point targets such
as the trihedral reflector, the dihedral reflector, the cylinder and the helix were derived. We
used the BSA (Backscatter Alignment) co-ordinate system. Kennaugh's eigenvalue problem
was solved and scattering cross sections were obtained in an eigen polarization basis.

The Stokes parameters in an eigen polarization basis and general co-ordinate system were
related by simple rotational matrices or linear transforms. The polarization responses of
the point targets were illustrated as surfaces in the Poincaré sphere. The canting angle of
the targets was interpreted in terms of the tilt in the polarization response. For a combi-
nation of eigenvalues, the phase difference between eigenvalues, and the eigen polarization
angles, the corresponding scattering matrices were derived and their responses were inter-
compared. Studies of point target responses are useful in understanding the polarization
synthesis approach. However, vegetation and surface targets are distributed targets, hence,
the eigenvalue problem for distributed targets was discussed. To ease the interpretations, a
normalized covariance matrix of a distributed target was decomposed into simpler responses
of three independent point targets. As a special case, the distributed target with azimuthal
symmetry exhibited a tilted polarization response by an angle equal to the phase difference
between co-polarization scattering elements in horizontal and vertical polarization basis.

The measured quantities are subject to fading, and ensemble averaging are used to re-
duce the speckle effect in images. Thus statistics for ensemble averaged covariance matrix
elements were derived and also for related phase angles. Normal approximations was utilized
to give simplified expressions for the probability density functions of these variables. The
approximations was compared with the proper ones and showed good agreement for averages
based on eight samples or more. It was also shown that surface slope effects the co-polarized
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phase difference and the magnitude of the cross-polarized response. Surface slope correction
algorithms were presented.

The primary objective of this research was to build a successful fully polarimetric mul-
tifrequency scatterometer A general layout of the system and basic signal processing in
the transmitting and receiving chains were discussed in Chapter 3. The HP 8510B network
analyzer performed the functions of transmission and reception of radar signals. To obtain
accurate measurements of target scattering characteristics, crosstalk and imbalances in gain
and phase within the dual-channel system should be compensated. A number of S-parameter
test-set calibration files were used for this purpose.

Scatterometer measurements were gathered in the frequency domain and the instrument
is a continuous wave radar. In each of the L-, S- , C- and X-bands, 800 discrete frequency
scattering observations were collected in a 1 GHz bandwidth. The major advantage of this
configuration is that only narrow band signals (<SC 1 kHz) are needed, allowing the usage of
extremely narrow (in the order of 2 kHz) band filters in the receiver chain. Thus, a higher
signal-to-noise ratio is achieved. Standard FFT techniques with windowing and gating func-
tions were used to convert the frequency domain signals to the time domain. The resultant
range resolution is 20 cm. Kaiser-Bcssel window weighting reduced the range sidelobe effects.
A finite impulse response gate filtered out frequency signals that correspond to a particular
spatial extent. Resolution in the polarization plane is determined by the antenna radiation
pattern and range of the scattering volume. Furthermore, a chirp-Z transform was used to
detect the precise location of a time-domain response. The base time-domain response is 1
nsec in width. Thus a combination of windowing, gating and chirp-Z transform is use"1 to
enhance the quality of the received signal.

The performance of the above-mentioned signal processing techniques was illustrated
using a suitable numerical example. Even 60 dB interferences in frequency domain signals
can be filtered, provided they are spatially separated. Also, various modes of scatterometer
operation were suggested. Typically, 32 measurements were averaged to improve the signal-
to-noise ratio. It takes about 90 sec to collect scattering measurements from each look angle
and frequency band.

Scatterometer calibration techniques were discussed in Chapter 4. The calibration proce-
dure was subdivided into three parts; namely, S-parameter test-set calibration, correction for
cable influence and dual-channel antenna calibration. The details of full two-port S-parameter
test-set calibrations were discussed. The correction for cable influence required the estimation
of complex transmission and reflection coefficients. The transmission coefficient was obtained
by measuring S-parameters of the cable terminated with a short circuit. A second order curve
fit in frequency was used to describe the variation of transmission coefficient as a function of
frequency.

Modeling of the cable reflection coefficient was complicated because it depends on the
transmission coefficient. A conceptual model was outlined to determine the reflection coeffi-
cient using the S-parameter measurement and previously determined propagation parameters.
The responses that were corrected for cable influence were irnpmved by 20 dB. Moreover, a
chirp-Z transform was used to align the measurements in the time domain if they were shifted
due a to particular layout of cable or to temperature variations.

A novel technique to estimate absolute gain and crosstalk parameters was discussed. A
dual-channel antenna system was described by a 2-by-2 distortion matrix. The four complex
correction factors were evaluated by measuring the S-parameters of two calibration targets.
Trihedral and dihedral corner reflectors were used as calibration targets. In all of these
mathematical descriptions, a clear distinction between S-parameter and scattering matrix
was maintained. The S-parameters relate the incoming and outgoing signals at a network
port; the scattering matrix couples the incident and scattered fields in a medium. Lack of
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the above-mentioned distinction in the literature causes confusion.
The antenna system and scatterer configurations wert modeled as a two-port network.

The expressions for co-polarization absolute gains were shown as functions of the calibration
target parameters and range of the point targets. However, the crosstalk terms depend only
on the S-parameters. The estimated antenna system parameters were verified by comparing
with test target cross sections. Agreement between the scatterometer estimated cross sections
and theoretically estimated values were excellent. Also, the distortion matrix was used to
suppress crosstalk. The crosstalk correction improved the cross polarization response by 10
to 25 dB. The improvement was limited only by the system noise level.

The radar equation for the distributed target relates the S-parameters to a normalized
scattering coefficient. When all the scatterers in a radar illumination region are confined
within a small range interval, then the S-parameters are related to surface scattering coef-
ficients. Scatterers in vegetation media are spread over a wide range interval. In this case,
averaged S-parameters are associated with the volume scattering coefficient. Since the mea-
surements were made in the frequency domain, the range extent of the volume target was
obtained by IFFT. Fluctuations or lading in surface and volume scattering coefficients were
reduced by averaging over the frequency band and independent footprints.

Frequency domain measurements are vulnerable to spurious signal interference. Usually,
if there is any interference, it exists in a horizontal or vertical polarization. This leads
to asymmetry in the S-parameters. Backscattering from a passive target always satisfies
reciprocity. The presence of any asymmetry in backscatter measurements is used to detect
interference. Then a window function in the time domain was used to suppress interference.

Scatterometer measurements of vegetation, rough surface and snow cover were presented
in Chapter 5. Most of the measurements were in the L-. S- and C-bands. A brief review
of modeling and measurements of microwave remote sensing of vegetation and surface were
also included for completeness. Spatial and frequency correlation coefficients were measured
for two different rough surfaces. The derived fading decorrelation distance and decorrelation
bandwidth agreed with the theory.

Between October 1993 and September 1994, radar measurements were collected at a test
site near the Swedish Institute of Space Physics, Kiruna. Sweden. These measurements en-
compassed a wide variation in vegetation and surface conditions. We performed a detailed
analysis on a small subset of the above-mentioned observations. Backscatter phase mea-
surements were compared with the canted dihedral target response. Temporal variations in
backscatter coefficients of the birch tree were discussed. A preliminary analysis of snow cover
observations showed that volume scattering coefficients decreased with the wetness or melt-
ing of snow. Diurnal heating caused a significant change in the surface of the snow cover.
Subsequently, scattering from birch trees on snow covered ground showed variations due to
the diurnal heating cycle.

6.1 Future Research

We designed and built a multifrequency, dual-polarization, microwave scattcrometer. It is
transportable and can be set up for taking measurements in less than one hour by two sci-
entists. It is ideally suitable to collect spot measurements of surface and volume scattering.
Being a research system, it can be easily re-configured depending on the special field opera-
tions. For example, it is straightforward to alter the range resolution, frequency and spatial
averaging narameters.

We analyzed only a small subset of the collected observations. Seasonal and diurnal
variations in backscatter coefficients of the vegetation and snow cover can be studied by
processing the rest of the data. However, there is a lack of detailed ground-truth except for
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limited video snap shots, snow depth and temperature observations. We propose to use the
IRF scatterometer for ground-truthing in support of ERS-1 missions. Transportability of the
system and the possibility of a direct comparison between IRF scatterometer observations and
ERS-1 measurements are attractive features. Also, the system can be used for interferometric
applications by taking repeated observations at two or three different antenna positions.
Thus, a topographic mapping can be performed using the IRF scatterometer.
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Appendix A

Power intercepted by an antenna

According to Eq. 2.5 the power Pr intercepted by an antenna illuminated with the E-field
Es is governed by

B2
(A.I)

In the backscattering convention the E-field is given by E = Evv + E^k where v x h points
in the direction of the transmitted field. The polarization state pT is denned as jjpr, where

£7 is is the far zone field of the antenna, when it is used to transmit. The Stokes vector T*
of Er is given by

(A.2)r -

and the corresponding normalized
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For the scattered wave, the direction of propagation is reversed, hence a counterclockwise
rotation (3(£'*£'^*) < 0) corresponds to a right-handed polarization state. Hence, in order
to compile with the convention of the Stokes vector, the sign of the \ '-component should be
reversed. Thus the Stokes vector of the scattered wave is

(A.4)
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Forming the scalar product Ar • Ts and expanding
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Hence the intercepted power is
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Appendix B

Mueller matrix given in covariance
matrix elements

In this section the Mueller matrix elements are derived from the expressions of the co-
polarized and cross-polarized responses. In chapter 2 we stated that the Mueller matrix
M is symmetric, also the co-polarized (ac) and cross-polarized (ax) response were given by
Eq. 2.21 and 2.22. Using the Mueller matrix representation, these are ac = 2nA • MA and
ax — 2nA± • MA where A = [ 1 q u v ]r and A± = [ 1 —q ~u —v } T . Adding the
co- and cross-polarized responses together results in ac + ax = 2n(A + .4_L) • MA, hence

= 2TT
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Comparing the above expression with Eq. 2.23, it is easy to identify the elements of the first
row and thus also the first column in the Mueller matrix;

+ + A'33

AI02 = 2A'i3
AI03 = 2Y23.

To find the other elements of the Mueller matrix we write

(B.2)

ax = 2TT
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M22 AI23
Af 33
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In above expression, we have a constant term Moo that is missing in Eq. 2.22, however we
can use Moo = Mooiq2 + u2 + v2). Thus by comparing the above-mentioned equation, we
get the remaining elements of the Mueller matrix,

Al 11 = Aioo - 2Ar33

M22
Al 23
AI33

= Moo — 2A22
= -2Y12

= Moo - 2An

J.4)
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Finally, the complete Mueller matrix is

M =

A'n + A'22 + A'33

2*12
2*13

2Y23

2*12 2*13
+ A*22 — A33 2*23

2A'23 A'n - A'22 + A'33
2Yi3

2>'l3
-2V12

—A'n + A'22 + A'33

(B.5)
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Appendix C

Singular value decomposition

Every complex matrix A can be decomposed into A = VLW\ where V and W are unitary
matrices and E is diagonal with nonnegative real numbers on the diagonal. These numbers
are known as the singular values of A and are the postive square roots of the eigenvalues of the
Hermitian matrix AA\ which are positive semidefinit. The columns of V are eigenvectors
of AA^ and the columns of W are eigenvectors of A^A [11]. When A is symmetric, the
matrices V and W can be choosen such that V = W*, since A* = A*. Hence A — W*EWt
or equivalently A = VEV7". This know as the Takagiki's factorization. When the singular
values are distinct, W is uniquely determined.

With i j as the i:th columnvector of W and <r, as the i:th diagonal element of E, we can
write Ax{ = <r,x*. Hence x, is a solution to the Kennaugh eigenvalue problem for the matrix A.
Multiplying x* with e*6', 6{ real and arbitrary, render A(e^'Xi) = aie36'x* = e2:'Blat(e

:'e'Xi)*,
hence the vector ej9'x, is also a solution to the Kennaugh eigenvalue problem with the complex
eigenvalue A, = e2-70'^. Replacing A with the 2-dimensional scattering matrix gives the
expression 2.25.
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Appendix D

Derivation of the probability
density functions of the normalized
parameters f and rj

To begin with we use the equations given in Papoulis [28, p 250] to conclude that the PDF
of the magnitude square (X = \Z\2) of the circular Gaussian variable Z with variance a2 is

PxiX) = Le-$Q{X). (D.I)

Further the PDF of N-point sample averages of this variable is given by the gamma distribu-
tion

The variable Qik = &* + JVik = Aty0'!'/$6 x-o c a n b e written as aikziz* + Jl - Q2
kZiCk

with zi = Fi/JAXfj and ck = ,l ,"(7^7 /f*0 - ° ^ ' 6 ), both having unit variance and
V V 1 - 0 , * ' 'k' VAXkk VAXii

being independent of each other.
Hence £ = atikZiZ*+Jl - a2

kdl(ziC*k) which can be rewritten as j[

\zi ~ \ll ~ a1kck\2}- The variables Zx = \\{\ + aik)z, + ̂ 1 - a2
kck] and Z2 = |[(1 - aik)z, -

Jl — a2
kck] are independent to each other since Z\Z\ = (1 - afk)ziZ* — (1 — a2

k)ckc*k + (...)

where the remaining terms marked with (...) have zero expectation value.
Thus we can write &* = X\ - A'2 where X\ and X2 are independent and exponentially

distributed with standard deviations (1 + otik)/2 and (1 - otik)/2 respectively. The PDF of £
is thus given by [28, p 190]

Pi JO = Fo*VxM-x)P_x2(-x)dx =
/°°^-2^e^)T^re*e(-x)«ix= (D.3)

The integrand is zero for x > £ when £ < 0 and for x > 0 when £ > 0. Thus for negative £-

values we have pj,fc(O = j~re~ 1+a>k /iooel"°'fc ̂ x — e i~"lk a n d f°r nonnegative ^-values
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PE-AO — , 5 e 1+°i't J_^e Q>* dx = e 1+a<t, which proves the relation 2.119.
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which can be rewritten as * j 0 ' * 1 [|-i-t-jcfc!2-|-i~ JCfcl2] =Similarly 77 = , / l - a ^ U

A'3 — A"4. where A'3 and Ä4 are independent and with equal standard deviations * ^Qlt

and exponential distributions. Appropriate substitutions in the prior derivations (a —» 0,
£ —• , ^ i and x —• , v_ ±) proves the relation 2.120.

In the derivation of the PDFs of the sample averages £ md rj. we use the fact that we
can write £ = A'i - A'2 and Jj = A'3 - A'4, where A', is the N-point sample average of the
variable A',. Using above relations, we can write

(D.4)

^'~1~nIn order to solve the integral we expand the (^-
For nonnegative ^-values we have

)^" 1 factor into Y.*=o n\(s'lp-n)\ (~

Changing the integral variable to t — - i^l% results in

(D.6)

The last integral equals F(Ar + n) = (N - 1 + n)l for integer Ar.
For negative ^-values the calculations become easier by changing the integration variable

in D.4 to y = x - £ instead. After similar manipulations the result is

(D.7)

This concludes the proof of the relation 2.121. Again, appropriate substitutions render the
expression 2.122 for the PDF of 7/.
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