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Abstract—In this paper the theoretical aspects of estimating
vegetation parameters from SAR interferometry are presented.
In conventional applications of interferometric SAR (INSAR),
the phase of the interferogram is used to retrieve the location
of the scattering phase center of the target. Although the location
of scattering phase center for point targets can be determined
very accurately, for a distributed target such as a forest canopy
this is not the case. For distributed targets the phase of the
interferogram is a random variable which in general is a function
of the system and target attributes. To relate the statistics of the
interferogram phase to the target attributes, first an equivalence
relationship between the two-antenna interferometer system and
an equivalent A%k radar system is established. This equivalence
relationship provides a general tool to related the frequency
correlation function (FCF) of distributed targets, which can
conveniently be obtained experimentally, analytically, or numer-
ically, to the phase statistics of the interferogram. An analytical
form for the p.d.f. of the interferogram phase is obtained in terms
of two independent parameters: 1)(: mean phase and 2)a:
degree of correlation. ¢ is proportional to the scattering phase
center and « is inversely proportional to the uncertainty with
which ¢ can be estimated. It is shown thaty is directly related to
the FCF of the distributed target which in turn is a function of

active sensors to survey forested areas has reached a level of
maturity. Despite considerable advancement in retrieving the
canopy parameters from multipolarization and multifrequency
backscatter data, an unsupervised reliable inversion algorithm
has not yet been developed. With the recent advances in the
development of interferometric SAR’s [5]—-[10], another set of
independent radar observation has become available for the
estimation of vegetation biophysical parameters.

The interferometric technique relies on a coherent imaging
process to find the range or distance to the scattering phase
center of the scatterers in the radar image. Based on this
principle, there are two standard approaches for extracting
topographical information using synthetic aperture radars. In
one approach, SAR systems equipped with two separate an-
tennas mounted on the SAR platform are used to generate
two complex co-registered images from two slightly different
aspect angles. The phase difference calculated from the cross
product of the two complex images, referred to as an interfer-
ogram [6], is processed to estimate the height information. In

scattering mechanisms and system parameters. It is also shownthe second approach the interferogram is formed using two
that for a uniform closed canopy the extinction and the physical successive images taken by a single SAR with almost the
height of the canopy top can be estimated very accurately. Some same viewing geometry [7], [8]. It is shown that the phase
analytical and numerical simulations are demonstrated. of the interferogram is proportional to the wavelength, slant
range, look angle, distance between the antennas (baseline
distance), orientation of the antennas with respect to each
rg)(ther, and the height of the scattering phase center above a
ference line [5], [9]. For nonvegetated terrain, the scattering

I. INTRODUCTION

V EGETATION cover on the earth’s surface is an importa
factor in the study of global changes. The total vegetaticg ; located at liahtly bel h ‘
biomass is the most influential input to models for terrestri ase centers are located at or Sightly below the surlace

ecosystems and atmospheric chemistry. Monitoring paramet ?Qend_mg upon the wavelength of the SAR and the d|electr|_c
such as the total vegetation biomass, total leaf area index, apemes of the surface media. Whereas for vegetated terrain,

rate of deforestation is vital to keep our planet capable esetrf)hase clenti[]s Ifu:'hatSoArRabodV(teh the sutrf?ce dt(tapt? ntdlng
supporting life. Microwave remote sensing techniques offer on the wavelength of e and the vegetation attributes.
unique opportunity to probe vegetation canopies at differe though itis expected that for vegetated sqrfaces the temporal
depths. Since a forest stand is a very complicated rand correlation would hamper repeat-pass interferometry from

medium with many attributes that influence the forest radBFOduFing. the location of scattering phase center, experimeqtal
response, accurate estimation of the forest physical paramel[@\@ st!g?t:?ngtlge:cs Sh?WS that even Sfter 15. drr:lys tgesccirielaign
requires a large number of independent radar observati ?\C'a? \.’]Y.' :)resetatl.rea c?tn'betas '9 fs th‘ [11]. 1 f]'
(multifrequency and multipolarization backscatter) in conjunc- € _S|g.n| 'cant vegelation atiributes are ) € type °

tion with some a priori information about the forest stan egetation; 2) the quantity or biomass of the vegetation, and 3)

[1]-[4]. The use of polarimetric synthetic aperture radars e dielectric properties of the vegetation. As pertains to SAR
interferometry, the type of vegetation refers to the structural
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the thickness and density of the crown layer that contains A,
foliage and stems, and the number of plants per unit area.
The dielectric properties of the vegetation elements determin_é_lr
scattering and propagation through the media; these may vary
with time due to seasonal changes in plant physiology and the
phase of water (liquid or frozen) or due to the presence of
water films resulting from intercepted precipitation or dew.

The main objective of this paper is to establish a thorough
understanding of the relationship between the INSAR parame-
ters and the vegetation attributes and the accuracy with whichy,
the vegetation scattering phase center can be measured. To
accomplish these goals an equivalence between INSAR and
Ak-radar techniques is established which facilitates numerical
simulations and controlled experiments using scatterometers.
Monte Carlo simulation of a forest canopy which preserves h
the absolute phase of the radar backscatter allows for quan-
tifying the role of vegetation attributes in determining the
location of the scattering phase centers as measured by SAR1: Geometry of a two-antenna interferometer.
interferometry.

- - r+8=V r2+B2-2rB sin (0 —a)

The accuracy in height estimation using this method is di-
Il. Ak-RADAR EQUIVALENT OF AN INSAR rectly proportional to the accuracy in the measurement of

In this section an equivalence relationship between & interferogram phase. The uncertainty in phase measure-
interferometric SAR and a\k-radar is obtained. As will be MenNts is caused by two factors: (1) systematic errors, and (2)
shown later the statistics of the phase of the interferogra{mﬂeterministic errors. The sources of systematic errors are
or equivalently the location of the scattering phase cent8page misregisteration and lack of maintaining the geometry
and its statistics is a very strong function of the locatioff the interferometer. The source of indeterministic error is
and number density of the forest constituent particles afRfing. Basically the backscatter signal from a distributed
their dielectric and scattering properties. Understanding tifget including many scatterers decorrelates as the incidence
relationship between the tree height and the correspond@ggle changes.
location of the scattering phase centers requires numericaNOW let us consider a radar capable of measuring the
simulations (Monte Carlo simulation of a fractal generatd@fickscatter at two slightly different frequencigs= f, and
forest stand) or controlled experiments using scatterometefs = fo+Af. Denoting the phase difference between the two
The scattering phase center of a target can also be obtaiR@gkscatter measurements dyit can be shown that
using a_Ak-radar assumi_ng that the incidence_ angle is known_. ¢ = 20kr = dnAfr/c (4)
Evaluation of the scattering phase centers using frequency shift
can easily be accomplished in a numerical simulation or invehere c is the speed of light and is the radar distance to
controlled experiment using a wideband scatterometer.  the target scattering phase center. Comparing (4) with (1) and

To demonstrate the equivalence between an INSAR a(®) the desired relationship between thé-radar and INSAR
a Ak-radar consider a two-antenna interferometer as showan be obtained. Basically by requiring the backscatter phase
in Fig. 1. In this scheme one of the antennas is used as thiferences, once obtained from a small change in the aspect
transmitter and receiver and the other one is used only as #rgyle and the other one obtained from a small change in the
receiver, the phase of the interferogrdr) is related to the frequency of operation, be identical for both approaches we
difference in path lengths from the antennas to the scatteringve
phase cente(é) by B
Af = fog sin(f — «). (5)

A
6=75"0 w | |
4 Noting thatr = H/ cos(#), it can easily be shown thak f
where A\ = ¢/ fo is the wavelength (in repeat-pass interferis rather insensitive to variations in incidence angle over the
ometry the2r factor in (1) must be replaced byr). Having angular range 30-60°. For example, a C-band (5.3 GHz)
calculateds from (1) and knowing the baseline distanBeand interferometer with a horizontal baseline distance 2.4 m at
baseline angley, the look angled can be computed from  an altitude 6 Km is equivalent to a C-bantk-radar with
. _§ Af = 530 KHz.
sin(f — a) = . (2)  The equivalence relation given by (5) is derived based on
Referring to Fig. 1 it can easily be shown that the height of e smgl_e target. In reggrd to J.[r."S relatmnshlp there are two
. . : Subtle issues that require clarification. In almost all practical
scattering phase center, with respect to an arbitrary reference _
.2 sitlations the scatterers are located above a ground plane
level, is given by . . . e . i
which give rise to three significant scattering terms besides
h = H — r[cos(a) cos(f — ) — sin(e) sin(f — «)].  (3) the direct backscatter. These include the bistatic scattering
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if the overall backscatter is dominated by the first-order

scattering mechanisms. To demonstrate that the equivalent
Ak-radar provides the location of the scattering phase center
accurately even in the presence of multiple scattering, consider

A ) : o
g two scatterers located at two arbitrary poigtsand.D within a
resolution cell. For an INSAR whose antennas are at polats
A and A,, the interferometric phase associated with the second

order scattering terms is calculated from

(2) _ ik(A,C+CD+DA
Pinsar = £2¢ (s )
_ Z(Gik(AIC-i—CD-i—DAz)_i_eik(AlD-i—CD-i—CAz))'

| C

By B 0

: In derivation of the above equation, the reciprocity theo-
Fig. 2. Ray path configuration of the single-bounce ground-target scatterif@m is used which indicates that the second-order scattering
mechanism for a two-antenna interferometer. amplitude obtained from the interaction between partiGle

and particleD is equal to that obtained from the interaction

from the target reflected from the ground plane, the bistafg¢tween particle’ and particleD. As before it can easily be
scattering from the target when illuminated by the reflectédlown that

wave, and the backscatter reflected by the ground plane when @ k

the target is illuminated by the reflected wave. The last term  PiNsar = 5[(1410 + A1D) — (A2C + A2 D)].

can be regarded as the direct backscatter of the incident wave

from the image target and therefore the equivaldgtradar Let us defineM as point in the middle ofC'D line. Since

can accurately predict the interferometric phase associatbé distance between the antennas and the scatterers are much
with this term. However, for the other two scattering termigrger than the distance between the scatterers, we have
(single-bounce terms), the validity of the equivalence relation-

ship is not obvious. Suppose a two-antenna interferometer, as d)g\I)SAR =k(ALM — Ay M)

shown in Fig. 2, is illuminating a target at poi6t above the

ground plane. For the equivalentk-radar located ati, the which indicates that the phase center of the second order term
interferometric phases of the two single-bounce tefipys) apperas at the midpoint between the two scatterers. For a
are identical and are given by Ak-radar atA; the same second order phase term is given

by:
¢y = Ak(A1 By + B1C + CAy) =2AkA0. (6) Y

2 _
Equation (6) indicates that the location of the scattering phase Ak = Bk(A,C+ CD + DAy).

center for the ground-bounce terms appears at the groynd. N

interface for theAk-radar. The interferometric phase of th o;mé; ;ha:(ils%:réél)c e; t‘élM and €D < A M, the

two single-bounce terms for the two-antenna system can %% Ve exp ! u

obtained frgm d)gz — OARALM. )
o) = /96k(A1CHCB1+B1 Ay)

_ Z(eik(AIC+CBz+BzA2) + Cz‘k(AlBl+Blc+cA2))_ Equation (7) shows that the location of scattering phase center
measured by a\-k radar is atM as well.
Noting that B;C' = BC’,B,C = B»C’, and after some  What remains to be shown is the algorithm by which the

simple algebraic manipulation, it can be shown that target height can be extracted from an equival®htradar. Let
.k ) ) us consider a random collection of scatterers within a range
# = S [(A1C+ 4,0 = (40 + 4,C7)]- and azimuth resolution cell illuminated by a plane wave as

) ) ) ) shown in Fig. 3. The height of the scattering phase center for
Referring to Fig. 2, it can easily be shown t@C” = 200" this collection can be considered to be the algebraic sum of
and therefored,C' + A,C" = 2A420. Similarly, it can be the physical height of the pixel center and a residual apparent
shown that(4,C + A, C") = 24,0, thus height of the scatterers which is a complex function of particles

¢ = k(A0 — A50). and radqr attributes. Suppose there Mesqatterers .within
a resolution cell. Lets,, denote the scattering amplitude of
which indicates that the location of scattering phase center foe nth scattering component of the ensemble which can
the two single-bounce terms is@t Therefore the equivalencerepresent the direct backscattering from a particle, a multiple
relation (5) guarantees tha, = ¢;. scattering term between a number of the scatterers in the
The second issue pertains to the validity of the equivaleneasemble, or a bistatic scattering term reflected from the
relation with regard to multiple scattering terms. As mentionegtound plane. Without loss of generality let us assume that
earlier the equivalence relationship is derived based on a sintile phase reference is on the reference plane just below the
target and therefore it would be valid for a random mediumpjxel center (see Fig. 3). The total backscattered field is the
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coherent sum of all the scattering components which can be o i
obtained from K‘

N

Z spe 1 2korn (8)

r
n=1

eikgr

E* =

wherer is the distance from the origin to the observation point,
7, IS the total round trip path length difference between a ray
traveled to the origin and the ray corresponding to ifke
scattering component. Note that a time convention:of*

has been assumed and suppressed. The equivalent protﬂ@rﬁ*- A random collection of M scatterers above a ground plane and its
is to replace the collection of the random particles and tifg-ivalent scatterer.

underlying ground plane with an equivalent scatterer placed at

the scattering phase center whose backscattering amplitudéiswrong assumption). Using this frequency shift the
denoted byS, = |Se|exp(i®.). In this case the backscatteredinambiguous range of 360 m can be achieved noting that the

field is given by phase is measured modulo 360’he uncertainties in height
ikor estimation using aAk-radar can easily be obtained as the

B = ;See—QikO’LCOS(9)~ relationship betweeh and§ is explicitly expressed by (10).
7 It can easily be shown that the uncertainty in height due

Computing the phase of the backscattered f{élé) from (8) to the lack of accuracy in the knowledge of the incidence
and noting that the phase calculation is mod2itg the height angle is given by:

of the scattering phase center can be obtained from §h = h tan(6)56.

—2kohcos(f) + @ = 2mm + O, ©) For uncertainties in incidence angle as high astBBe error in

However, in computation of from (9) two important param- height is 5% ofh at§ = 45°.

eters, namelyn and ®. are missing. This problem could be Through the combination of two or more frequency shifts,
rectified, if a radar measurement from the same collection @ unambiguous height profile with fine resolution can be
particles and the same viewing angle but at a slightly differef¢hieved. The resolution in height estimation usikg-radar
frequency were available. Suppose the change in frequencysigharacterized by the frequency correlation function of the
small enough so that the change in the phase of the scattef@@get as will be discussed next. Equation (10) indicates that
amplitudes is negligible. In this case the change in the phagcuracy in the height measurement increases as the frequency
of the scattered fieldp = &35 — ®;) due to the change in theshift increases. On the other hand as the frequency shift
wavenumber Ak = ky — k1) is basically dominated by the (baseline distance) increases the phase shift caused by the

path length differences and it can easily be shown that  path length differences will change in a nonlinear and random
1 é fashion which causes an uncertainty in the measurement of dis-

= -, (10) tance (height). Hence there may exist a critical frequency shift
2cos(0) Ak for which the finest height resolution for a given distributed

Equation (10) is the fundamental basis for extraction &®rget can be achieved. This critical frequency shift is the
height information from a two-frequency radar. It should beounterpart of a critical baseline distance in an interferometer
emphasized that in this process the incidence angle mustf@ewhich the finest height resolution for the same distributed
known which is the case in a numerical simulation or in trget is achievable.

measurement using a narrow beam scatterometer system. Since

the shift in frequency is very small (less than 0.1% of center lll. STATISTICAL ANALYSIS

frequency), the scattering amplitude termsdo not change | estimating the height of the scattering phase center of
when the frequency is changed frofa to f; and therefore 5 gistributed target using (11), random fluctuations of the
they need not be computed twice in a numerical simulatiogacyjated/measured phase as a function of frequency due to
However, the phase terms associated with the path lengiling must be considered. In this section the effect of random
differences must be modified by replacihg with ko + Ak. hosition of the scatterers on the height estimation is studied.
Expressing the measured phase in degrees, the differencg iy, 4 procedure for calculation of the critical frequency shift
slant range(Ar = hcos(6)) in meters, and the difference inpaseline distance) in terms the statistical properties of the
frequency(Af) in MHz, (8) can be rewritten as distributed target is outlined. Phase statistics of polarimetric
¢ = 2.4A7Af. (11) back;scatter response of k_distributed targets for sing_le-. and
multi-look can be found in literature [14]-[16]. The statistical
Therefore if the uncertainty in the phase calculaanalysis of interferometric phase given here parallels the
tion/measurement is °1 and a distance resolution of 1method given in [14]. For a random collection of particles
m is required, a minimum frequency shift of 416.6@he scattered field given by (8) is a complex random variable.
KHz is needed assuming that the uncertainty in phaSéince the location of the scatterers in the illuminated volume is
calculation/measurement is independent of frequency shifindom, the process describing the scattered field is a Wiener
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process [13]. If the number of scattering componehisis that backscattered power carried by the two processes be equal.
large, the central limit theorem mandates that the processTisis requirement renders the following condition:

Gaussian. Let us denote the scattered field;aand f> by

E? = X; +4X, and E5 = X3 + X4, respectively, where A1L = Ass. (19)
X; denotes the real or imaginary part of the scattered fieldSt ys define the normalized correlation function of the process
These quantities are jointly Gaussian and can be represer59d

by a four-component random vect&r. The joint probability .

density function (pdf) of the random vector can be fully R(Af) = [(ELE3)| (20)
characterized from & x 4 symmetric positive definite matrix ([E1]%)

known as the covariance matrixwhose entries are given by\yhich is also known as the frequency correlation function [17].
Aij = Aji = (X)) ije {1, 4} Using (16), (17), and (19), it can easily be shown that

It has been shown that the entries of the covariance matrix for R(Af) =« (21)
the Wiener process satisfy the following conditions [14]: |t is interesting to note that the maximum of the nor-

_ —(X2) — (X2 12 malized frequency correlation function occurs Atf =

A =d2e = (D) = (), (12) O0(dR/dAF|a;=0 = 0), hencea = 1 to the first order in

A1z = (X1X5) =0, (13) Af. In other words for small variation of frequency the pdf
A3z =gy = (X3) = (X3), (14) of the phase difference is very narrow which ensures accurate
Aag = (X3X4) =0, (15) estimation of the height. As expected, whexy increases,

_ _ _ «a = R(Af) approaches zero which corresponds to a uniform
Atg =Az4 = (X1.X5) = (X2Xa), (16) distribution for the phase difference. In this case the probability
Ara = —Aog = (X1 Xy) = — (X X3). (A7) of error in the height estimation is close to unity.

To quantify the accuracy of the height estimation for a given

In the same paper [14] it is also shown that the pdf for thg: buted | hat th lized f
difference between phases &% and E3 (for a single-look Istributed target, let us assume that the normalized frequency
relation function of the target is known. In this case only the

case) is related to the elements of the covariance matrix a(fﬂ{] _ LR .
coherent phase differeng€) is missing to fully characterize

A b
'S given by the pdf of the phase difference. The objective is to estinjate
fold) = 1—a? from which the mean height can be obtained from
A 27[1 — a2 cos?(¢p — Q)] _ —¢
h=—x—"———. (22)
' {1 n acos(¢p — () 2.4A f cos(6)
— o2 cos2(d — —
V1-—a?cos*(¢— ) However, the difficulty in calculation of. is that only one
T -1 acos(¢p — () measurement of the phase for each pixel is available. Suppose
"2 +tan \/1 — a2 cos2 (¢ — () (18) 6¢ = ¢ — ( represents the deviation in the phase measurement
which corresponds to an error in height measurement given by
where 56
oh= ——F—— 23
o= M C—tmn_lﬁ 2.4Af cos 6 (23)
TV A T T A where 6k is in meters,é¢ is in degrees, andAf is in

. . megahertz. The uncertainty in the estimation of height can be
The parametery is known as the degree of correlation and o . . . L
' uantified according to a prescribed error probability criterion.
can vary from 0 to 1. When the scattered fields are complet -
r example,6¢ can be chosen such that the probability

correlatedae = 1 and the pdf of¢ is a delta function. In . o .
this case the calculation of the height from (10) has no err(())fr measuring the phase within tt& neighborhood of the

in principle when the effect of thermal noise is ignored. Th(éoherent phase difference to be 90%, that is
parameter{ is known as the coherent phase difference and P(pe[¢—6p,(+6¢]) =0.9.
can vary from—z to «. For ¢ = ( the pdf assumes its ] o . o
maximum and this point corresponds to the average heid‘l"ﬁ”cev using this criterion the estimate of the height is
of the scattering phase center for a uniform distributed target =T+ 6h
over a flat ground plane.

In this analysis the objective is to establish a relationshipith a probability of 0.9.
between a desired height resolution and the correspondindg he uncertainty in the height measurement defined by this
required frequency shift for a given error probability criterioncriterion is a complex function ofA f noting thaté¢ is a
The Wiener processes considered in this problem satisfnction of & which is related toA f through the correlation
one more condition beyond those given by (12)-(17). Thfanction. Referring to (23), it seems that the height uncertainty
condition can be derived by noting that the required frequendgcreases wher\f is increased; however, it should also
shift for the height estimation is much smaller than thke noted thaté¢ increases whenAf is increased. This
operating center frequency of the radar, therefore it is expectaghavior suggests that there may exist a frequency ahfft
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correlation function.

0.F e .

guency shift can be related to the degree of correlation through
Af
— = v/ —In(a).
2 20. 7y ( )
For values ofa close to unity the right-hand side of the
above equation is approximately equalyd — «. Referring
10. to Fig. 5, it can also be observed that
bp=CV1l—-a
1 1 i 1 | . . are . .
%99 0.992 0.994 0.996 0.998 1000 WhereC is a constant proportional to the probability criterion.

Therefore 6¢ is linearly proportional toAf where upon

o substituting in (23) it can be shown that the height uncertainty
Fig. 5. The phase uncertainty for 80% and 90% percent error probabiliy independent of the frequency shift and the critical frequency
criteria as a function ob. shift is not well defined. This result may be generalized to

all frequency correlation functions because for small values
for which §h is minimized. This particular frequency shiftfrequency shift,_the frequency correlation function of all targets
will be referred to as the critical frequency shift. In ordef@n be approximated by
to .|nvest|gate .the p.OSSIblllty of fmdmg the crmcallfrequency R(AS) ~ 1= (Af/Fy)?
shift, the relationship between the height uncertainty and the
frequency shift must be obtained. The relationship betwigen whereF;; is a free parameter equal to the frequency decorrela-
and« can be directly obtained from the cumulative distributiotion bandwidth of an equivalent Gaussian correlation function.
function (cdf) of A¢ = ¢ — ¢. Unfortunately, a close form for Fig. 6 shows the product of the height uncertainty and the
the cdf of A¢ does not exist and the relationship betwéeén equivalent decorrelation bandwidth versus frequency shift nor-
and « must be obtained numerically. Fig. 4 shows the cdf aghalized to the decorrelation bandwidth for both the 80% and
A¢ for different values ofx and the correspondingyp for the 90% criteria. Thus the uncertainty in height measurement
90% probability criterion. Note that for most practical casef®r a distributed target with known equivalent decorrelation
a > 0.95 (baseline distance or equivalently the frequency shifiandwidth is independent of frequency shift or equivalently the
is rather small). The relationship betwe&n and o is shown baseline distance. In other words, the frequency decorrelation
in Fig. 5 for the 80% and 90% probability criteria. bandwidth of the target is the determining factor in the height
Assuming a Gaussian form for the normalized frequencyeasurement error.

correlation function the uncertainty in height estimation can
easily be related to the frequency shift. Suppose the normalized
frequency decorrelation function is given by

(24)

IV. FREQUENCY CORRELATION
FUNCTION OF DISTRIBUTED TARGETS

As was shown in the previous section the frequency corre-
lation function of a distributed target is the most important
where Iy is the decorrelation bandwidth defined as the frggarameter in estimating its scattering phase center height.
quency shift for whichR(Af) = e~!. Using (21) the fre- The literature concerning the frequency correlation function

R(Af) = e (Af/Fa)?
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Radar

Y T

Fig. 7. Geometry of a homogeneous layer of random particles above a ground plane.

of distributed targets is rather scarce. Analytical expressiof@nbiguity function),r is the radar distance, and the limits
for the frequency correlation function of simple targets suatf the integrals represents the antenna footprint or the pixel
as uniform independent scatterers and rough surfaces usinga. The curly bracket in equation (25) represents the target
Kirchhoff approximation have been obtained for simple un'dependent component in whighdenotes the layer extinction
form plane wave illuminations [18], [19]. For the uniformand W, pppp andW;,,, are the copolarized components of the
distribution of scatterers illuminated by a uniform plane wavehase matrix in the backscatter and specular (with respect to
the frequency correlation function is given by the vertical axis) directions which are defined by
i = b,s b,s\*
snCre A /150) e _ o (ASENASEYY
oy f/lo() PPPP T AR g AV
wherep, is the slant range in meters addf is in megahertz. whereAS,, represents a scattering matrix element of a small
The corresponding Gaussian equivalent decorrelation bandiume AV of the random medium. In the expression given
width for this function isFy = 117/p, MHz. Since product by (25) the reference phase plane is assumed to be at the top
of 6h and F, is independent ofA f/F,, the uncertainty in of the layer, i.e., the ground plane is assumed to be-at—d
height measurement can be improved by decreasing the sksmtshown in Fig. 7.
range resolution. The decorrelation caused by the system-dependent com-
In a recent study [17] it was shown that the frequengyonent for an imaging radar is directly proportional to the
correlation function, in general, depends on two sets of parasystem slant range resolution. Also for conventional radars
eters: 1) radar parameters such as incidence angle, frequetioy,decorrelation caused by the system component is inversely
polarization, and footprint size, and 2) target parameters symtoportional to antenna beamwidth and directly proportional
as penetration depth and albedo. It is also shown that whienrange and incidence angle. In most existing INSAR sys-
the scattering is localized, that is, the field correlation disems the measured decorrelation is dominated by the system
tance in the random media is relatively small, the frequencpmponent. As discussed before the uncertainty in height
correlation function can be expressed in terms of product e$timation increases as the correlation bandwidth increases.
two expressions, one depending only on the radar parametesstunately the decorrelation caused by the system parameters
and the second one depending only on the target attributean be calibrated out since its effect appears as a simple
For example an expression for the frequency cross correlatimultiplicative factor. If the system ambiguity function or the
of backscatter from a homogeneous layer of random partickastenna pattern is known, the system component of frequency
such as leaves and stems above a smooth ground plane is fatordelation function can easily be computed and removed from
to be [17] wherd is the incident angle] is the layer thickness, the measured data. In cases where the ambiguity function or
and R, is the Fresnel reflection coefficient forpolarized the antenna pattern is not well characterized the correlation
incident wave(p € w,h). The first term in (25), shown at over a rough surface (a distributed target with no vertical
the bottom of the page, is the system dependent componengitent) approximately represents the system component of the
which G is the antenna gain or the SAR point-target respondecorrelation and can be used for calibration. Once the target

R(AS) =

p2iAkr(x, y) ) - ik cond "
(Epp(f2)E,,(f2)) [// |Gz, y)|” da dy} -{4d|R 2 (Rliakcos 0—rsect)

2(: Ak cos §—r sec8)d }

+W?

) l1—c¢
1 4 2(¢Ak cos 8—r sec 8)d
(1+[Ry[%e 2(ksec® —iAkcosf)
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""" N =2000 /m tion of depth for different values of particle number densityfat= 5.3 GHz
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IFig~ 8. _FLequenCy Correlaégfiﬁﬁclt(ion of 18132-m thickdrgnffom layer of flahe height of the scattering phase center above the ground
eaves with average area ICKness 1.0 mm, an ielectric constan H H

e = 19 + i6.3 above a ground plane with, = 15 + j2 at 5.3 GHz and ‘blane. S_ubstltutlng the phase _of the target depe_ndent term
# = 30° (note for INSAR case\ f <1 MHz). of (25) in (22), the mean height of the scattering phase

center of the medium can be computed. Fig. 10(a) and (b)

dependent component of the correlation function is obtained,, the height of the scattering phase center of the uniform
the equivalent frequency decorrelation bandwidth can be COfajiym as a function of layer thickness and extinction for

puted from which the uncertainty in height estimation can and 60 incidence angles respectively. It is shown that

evaluated. As show_n in the §|mple modgl descrlbgd by (,Zéépending on the layer thickness, extinction, and incidence
the target decorrelation contains information about its phy&%gle the scattering phase center may appear below or above
pargmeters. ) ) .. the ground plane, but always below the canopy top. Note that
Fig. 8 shows the frequency correlation function of a uniforn e, the double-bounce scattering mechanism (ground-target-
random layer of f_Iat Ieayes with average area Sé,amckness ground) is dominant, the scattering phase center appears below
1.3 mm, and d.lelec_trlc cqnstarﬁ = 19+ 16'3 above a the ground plane. Other numerical simulations showed that
ground plane with dielectric constanj = 15 + 2.0 at 5.3 y54icle orientation distribution can significantly influence the
GHz and incidence anglé = 30°. In this simulation the 04401 of the scattering phase center as well. This is due to
layer thickness was chosen to tie= 2m and leaf number g 50t that the relative contribution of the direct backscatter
density N, was varied as a parameter. It is shown that a8ecanism with respect to that of the double-bounce scattering

the leaf number density, and as a direct result the extinCliqe nanism is a function of particle orientation distribution.
increases the frequency decorrelation bandwidth increasesyy jjlustrate the ability of INSAR in retrieving vegetation

Scattering contributions from the ground bounce mEChanis'E'é?rameters, let us consider a simple case of semi-infinite

are manifested in terms of oscillations on the frequency icorm medium. Vegetation canopy can be regarded as a
correlation function due to constructive and destructive intefz i infinite medium, when canopy transmissivity is below
ferences among the different scattering mechanisms. EXISteCe |, this case an analytical expression for frequency correla-
of contribution from ground bounce scattering mechanismg, fnction and the phase of the frequency cross correlation
significantly reduce the frequency decorrelation bandw'dtt}nean phase) can be obtained directly from (25) by settin
For interferometric SAR’s the equivalent frequency shift i%sec(e) — 0. The expression for the frequency correlation

rather small £1 MHz) and the approximate form of thegnion and the mean phase are, respectively, given by
frequency correlation function given by (24) seems to be

adequate for all cases. Fig. 9 sho#s of the layer as a R(AS) = 1 o1 <7fAf>2 (26)
function of depth for different values of particle number MmASf 2 2ck

density. As the vegetation depth decreaBgshould approach 1+ < o )

infinity and when the vegetation depth increagésreaches

its asymptotic value for the corresponding to a semi-infinite ¢ = tan-1 Akcos?§ Ak COSQ@_ 27)
medium. K K

The theoretical expression for the frequency cross cddsing (26) the extinction coefficient of a thick vegetation layer
relation function given by (25) can be used to calculatan be obtained as follows. For a system with a known baseline
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Fig. 10. Height of the scattering phase center of the layer above the ground as a function of layer thickness for different values of particle density at
f =53 GHz. (¢ = 30° and (b)¢ = 60°.

distance the equivalernk f can be calculated from (5) which V. CONCLUSIONS
together with the measured decorrelation can be substituted ify, yhg paper theoretical and statistical relationships between

(26) to calculates. Having foundr, (27) can be substituted i, measured parameters obtained from an interferometric
in (22) to calculate the Iocz_itlor_l of _the scattering phase cen@AR, namely the phase and correlation coefficient of in-
from the canopy tophd which is given by terferogram, and target parameters are obtained. First an
cos 0 28) equivalent relationship between an INSAR and\& radar

25 is established. It is shown that the knowledge of the fre-

It should be noted that for forest stands where particR/ency correlation behavior of radar backscatter is sufficient
size orientation and distribution are highly nonuniform thto derive the desired statistics of height estimation using an
simple uniform and homogeneous model described abowerferometric SAR. The equivalence relationship allows for
may not provide satisfactory results. More accurate modeignducting controlled experiments, using a scatterometer, to
that preserve the effect of tree structure are needed for thitaracterize the response of a distributed target when imaged
purpose. A coherent scattering model based on Monte Caplp an INSAR. Similarly efficient numerical codes can be
simulation of fractal generated trees is under developmefgveloped to simulate the results. Statistical analysis shows
which allows efficient and accurate computation of frequendigat the uncertainty in the height estimation of a distributed
cross correlation statistics. target is a function of equivalent frequency decorrelation

Ad =
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bandwidth and is independent of the baseline distance. It wag| E. Rodriguez and J. M. Martin, “Theory and design of interferometric

also shown that how the INSAR measured parameters can be

used to evaluate the extinction, the physical height, and thg,
height of the scattering phase center of a closed and uniform

semi-infinite canopy.

(1]
(2]

(3]

(4]

(5]

(6]

(7]

(9]

[12]

REFERENCES
[13

K. Sarabandi, “Electromagnetic scattering from vegetation canopies,”
Ph.D. dissertation, Univ. Michigan, Ann Arbor, 1989. [
F. T. Ulaby, K. Sarabandi, K. McDonald, M. Whitt, and M. C. Dobson,
“Michigan microwave canopy scattering modekt. J. Remote Sensing [15]
vol. 11, no. 7, 1223-1253, July 1990.
M. C. Dobson, F. T. Ulaby, L. E. Pirece, T. L. Sharik, K. M. Bergen, J.
Kellndorfer, J. R. Kendra, E. Li, Y. C. Lin, A. Nashashibi, K. Sarabandi[16]
and P. Siqueira, “Estimation of forest biomastfEE Trans. Geosci.
Remote Sensingvol. 33, pp. 887—-895, July 1995.
K. J. Ranson, S. Saatchi, and G. Sun, “Boreal forest ecosystem charac-
terization with SIR-C/X SAR,"IEEE Trans. Geosci. Remote Sensjng.[17]
vol. 33, no. 4, pp. 867-876, July 1995.
H. A. Zebker, S. N. Madsen, J. Martin, K. B. Wheeler, T. Miller, Y. Lou,
G. Alberti, S. Vetrella, and A. Cucci, “The TOPSAR interferometric[18]
radar topographic mapping instrumentBEE Trans. Geosci. Remote
Sensingyol. 30, pp. 933-940, Sept. 1992.
F. K. Li, and R. M. Goldstein, “Study of multibaseline spaceborng19]
interferometric synthetic aperture radartfEE Trans. Geosci. Remote
Sensingyol. 28, pp. 88-97, Jan. 1990.
A. L. Gray and P. J. Farris-Manning, “Repeat-pass interferometry with
airborne synthetic aperture radalEEE Trans. Geosci. Remote Sensing,
vol. 31, pp. 180-191, Jan. 1993.
A. K. Gabriel and R. M. Goldstein, “Crossed orbit interferometry:
Theory and experimental results from SIR-Byit. J. Remote Sensing,
vol. 9, no. 5, pp. 857-872, 1988.
S. N. Madsen, H. A. Zebker, and J. Martin, “Topographic mapping
using radar interferometry: Processing techniquEsEE Trans. Geosci.
Remote Sensingol. 31, pp. 246—-256, Jan. 1993.

synthetic aperture radarsProc. Inst. Elect. Eng.vol. F139, no. 2, pp.
147-159, 1992.

H. A. Zebker and J. Villasenor, “Decorrelation in Interferometric Radar
Echoes,”IEEE Trans. Geosci. Remote Sensingl. 30, pp. 950-959,
Sept. 1992.

J. O. Hagberg, L. M. H. Ulander, and J. Askne, “Repeat-pass SAR inter-
ferometry over forested terrain|EEE Trans. Geosci. Remote Sensing,
vol. 33, pp. 331-340, Mar. 1995.

] W. B. Davenport, Probability and random processedNew York:

McGraw-Hill, 1970.

14] K. Sarabandi, “Derivation of phase statistics of distributed targets from

the Mueller matrix,”"Radio Sci.vol. 27, no. 5, pp 553-560, 1992.

I. R. Joughin, D. P. Winebrenner, and D. B. Percival, “Probability
density functions for multilook polarization signaturdEEE Trans.
Geosci. Remote Sensingl. 32, pp. 562-574, May 1994.

J. Lee, K. W. Hoppel, S. A. Mango, A. R. Miller, “Intensity and phase
statistics of multilook polarimetric and interferometric SAR imagery,”
IEEE Trans. Geosci. Remote Sensing). 32, pp. 1017-1028, Sept.
1994.

K. Sarabandi and A. Nashashibi, “Analysis and applications of backscat-
tered frequency correlation functionEEE Trans. Antennas Propagat.,
submitted for publication.

W. P. Brikemeier and N. D. Wallace, “Radar tracking accuracy improve-
ment by means of pulse to pulse frequency modulatitBEE Trans.
Commun. Electron.no. 1, pp. 571-575, Jan. 1963.

A. A. Monakov, J. Vivekanandan, A. S. Stiernman, and A. K. Nystrom, “
Spatial and frequency averaging techniques for a polarimetric scatterom-
eter system,Trans. Geosci. Remote Sensimgl. 32, pp. 187-196, Jan.
1994.

Kamal Sarabandi (S’87-M'90-SM'93), for a photograph and biography,
see this issue, p. 1231.



