CONTINUATION PROPOSAL OF NASA GRANT NAGW-4555
DIGITAL TOPOGRAPHY FROM SAR
INTERFEROMETRY: DETERMINATION OF AND
CORRECTION FOR VEGETATION HEIGHT

Submitted to :

Code YS/ NRA-97-MTPE-08
Office of Mission to Planet Earth
NASA Headquarters
300 E. Street SW
Washington D.C. 20546
Attention: Dr. Diane Wickland

Submitted by:
Kamal Sarabandi (Pl),
Craig Dobson (Co-1),
Radiation Laboratory
Department of Electrical Engineering and Computer Science
The University of Michigan
Ann Arbor, MI 48109-2122
Tel: (313) 764-0500, Fax: (313) 747-2106

Robert Treuhaft and Jakob J. van Zyl (Co-Is)
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, CA 91109

and
David Harding (Co-1)
NASA Goddard Space Flight Center
Geodynamics Branch
Mail Code 921
Greenbelt, MD 20720

Project Duration: March 15, 1998 to March 14, 2001

33273-1-T = RL-2458



Abstract

In this proposed investigation theoretical and experimental studies will be carried out to demon-

strate the potential of SAR interferometry and polarimetry in determining the spatial organization

and retrieving the physical parameters of vegetation canopies. During Phase | of this investigation

(March 1995- present), we have focused our efforts on the development of basic understanding
of the problem which includes: 1) development of simple theoretical models capable of relating

vegetation parameters to the interferogram phase and correlation coefficient, 2) conducting field

experiments using JPL TOPSAR over more than 30 forest stands (physical parameters of these
stands and their ground surface topography are measured very accurately), 3) establishing a fun-

damental relationship between spatial and frequency interferometry (relationship between INSAR

and Ak-radar) which is of great importance in characterizing the scattering phase center using
numerical simulations or conducting experiments using wideband scatterometers, 4) development
and verification of a high fidelity coherent scattering model capable of predicting the interfero-
metric and polarimetric responses of tree canopies over a wide frequency range (P- to X-band).”
Simulation and experimental results show that the location of scattering phase center (canopy
height measured by an INSAR) is a strong function of tree type and its structure. Extremely
encouraged by the outcome of our research activities over the past two years, we propose to
extend the goal of this study by incorporating radar polarimetry and radar interferometry and/or
multi-frequency radar interferometry data to extract important structural and physical parame-
ters of forest canopies. The proposed research plan for Phase Il consists of three major activities.
The first activity pertains to the development and validation of semi-empirical models for tree
structure of interests derived from the Monte Carlo coherent scattering model. These models are
amenable to inversion processes which require efficient calculation of backscattering coefficients
and the scattering phase center height. Validation will be done using existing TOSAR, AIRSAR,
and SIR-C data over our two well-characterized sites: the Raco Supersite and the NSF Long
Term Ecological Research Site at the Kellogg Biological Station near Kalamazoo, Michigan. The
second activity involves the development of a general inversion algorithm based on a Genetic
Algorithm (a stochastic optimization technique) for estimation of canopy parameters from an
arbitrary set of polarimetric and interferometric data. This algorithm is specifically useful for the
problem at hand as it searches for the global minimum and provides a set of optimum solutions.
The third activity is to implement the forest stands of BOREAS sites for which extensive ground-
truth data and polarimetric and interferometric SAR data exist. In this effort we are also planning
to incorporate the laser altimeter canopy height data taken by SLICER. Activities related to lidar
data fusion is very much in concert with the upcoming Vegetation Canopy Lidar (VCL) mission.
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1 Background and Objectives

Accurate estimation of gross forest parameters such as total vegetation biomass, total leaf area
index, and tree height in global scale has long been an important goal within the remote sensing
community. Over the past two decades much efforts have been devoted to the development
of scattering models [1, 2, 3], for understanding of interaction of electromagnetic waves with
vegetation, and to the construction and development of advanced imaging radars for acquiring
test data and and examining the feasibility of the remote sensing problem [4]. In most practical
situations the number of vegetation parameters influencing the radar response usually exceeds
the number of radar observation parameters. For this reason the application of multi-frequency
and multi-polarization radar systems was proposed and such system was flown aboard the Shuttle
Endeavor in April and October 1994 [4]. Preliminary results indicate that the classification and
retrieval of vegetation biophysical parameters indeed require many simultaneous radar channels,
however, free-flight of such systems is not practical due to the exorbitant power requirements.

Characterization of the spatial organization of particles in a vegetation canopy is of great
importance determining many ecosystem processes including energy and chemical exchanges.
Traditional remote sensing instruments provide two-dimensional spatial information of the target
which may contain, depending on the instrument, some information vertical particle arrange-
ment in a convoluted fashion. Recent advancements in the field of radar interferometry have
opened a new door to the radar remote sensing of vegetation. In addition to the backscattering ~
coefficient of a distributed target, radar interferometers provide two additional parameters that
contain information about the target. These parameters are the correlation coefficient and the
interferogram phase [5, 6]. To interpret these parameters and to characterize their dependency
to the physical parameters of the target, a thorough understanding of coherent interaction of
electromagnetic waves with vegetation particles is required. The premise of this investigation
with regard to retrieving vegetation parameters from INSAR data stems from the fact that the
location of scattering phase center of a target is a strong function of the target structure. For
example the scattering phase centers of non-vegetated terrain are located at or slightly below
the surface depending upon the wavelength and the dielectric properties of the surface media.
Whereas for vegetated terrain, these scattering phase centers lie at or above the surface depend-
ing upon the wavelength of the SAR and the vegetation attributes. It also must be recognized
that the vegetation cover in many interferometric SAR applications where the vegetation itself
is not the primary target, such as geological field mapping or surface change monitoring, acts
as an interference. In these cases it is also important to identify and characterize the effect of
vegetation on the topographic information obtained from the interferometric SAR.

The overall objectives of the proposed study are to:

1. Quantify the role of vegetation attributes in determining the location of the scattering
phase centers as measured by SAR interferometry using theoretical and Monte Carlo based
coherent electromagnetic scattering model for vegetation.

2. Examine the utility of the combination of SAR interferometry and polarimetry for estimating
the vegetation and surfaces parameters.

3. Determine the significance of polarimetric SAR interferometry, using the Monte Carlo model
and existing SIR-C repeat-pass data.



4. Map vegetation height and crown layer vegetation attributes, including vegetation structure,
through the combined use of multi-incidence angle and/or multi-frequency SAR interfer-
ometry in conjunction with available radar backscatter coefficients.

5. Correct SAR interferometry for vegetation effects through use of an inversion algorithm
based upon vegetation type and biomass. The end product is surface elevation.

6. Examine the application of ancillary data such as canopy laser altimeter for enhancement
and/or for verification of vegetation parameter estimation.

7. Integrate the products derived from SAR interferometry into ecophysiological classifications
and forest biophysical parameter estimations.

This study proposes to meet these objectives using a methodology that treats the problem
both theoretically and experimentally. Monte Carlo simulations of the forward problem, that
includes multiple scattering between vegetation elements up to second order, will be used to
understand the roles of both sensor parameters (wavelength, polarization and angle of incidence)
and vegetation attributes (type, quantity and dielectric properties) in determining the location
of the scattering phase centers. Experimental efforts will be mounted at three well-characterized
sites: the Raco Supersite used by SIR-C/X-SAR, the NSF Long Term Ecological Research Site
at the Kellogg Biological Station near Kalamazoo, Michigan, and BOREAS sites. These sites
represent a wide range of vegetation conditions. The Raco and BOREAS sites are largely forested
and KBS is mostly agricultural. These studies utilize TOPSAR, AIRSAR, SIR-C, and SLICER
data both to verify theoretical efforts and to provide for application development and testing.

2 Summary of Phase-l Accomplishments

In March, 1995, the University of Michigan, in collaboration with the Radar Science Group of
Jet Propulsion Laboratory, was awarded a three-year grant by the Terrestrial Ecology Program at
NASA Headquarters to characterize and quantify the role of vegetation attributes in determining
the scattering phase centers as observed by interferometric SARs. For this purpose analytical,
numerical, and experimental aspects of electromagnetic scattering from forest canopies have been
under investigation over the past two years. We shall refer to this segment of the overall program
as Phase | and to the proposed contribution as Phase |l. A summary of accomplishments realized
to date during phase | is given next.

2.1 Theoretical Model Development
2.1.1 Ak Radar Equivalence of an INSAR

A fundamental relationship between INSAR and Ak radar is established. This relationship is
the cornerstone of analytical and numerical analysis of the problem at hand. Understanding
the relationship between the tree height and the corresponding location of the scattering phase
centers requires numerical simulations (Monte Carlo simulation of a fractal generated forest
stand) or controlled experiments using scatterometers. The scattering phase center of a target
can also be obtained using a Ak-radar assuming that the incidence angle is known. Evaluation



of the scattering phase centers using frequency shift can easily be accomplished in a numerical
simulation or in a controlled experiment using a wideband scatterometer. Basically by requiring
the backscatter phase differences, once obtained from a small change in the aspect angle and
the other one obtained from a small change in the frequency of operation, be identical for both
approaches we established that

Af = fog sin(f - (1)

where A\ f is the frequency shift of the equivalent Deltak radar, f, is the operating frequency,
B and qq are, respectively, the baseline distance and angle, r is the slant range, and f is the
look angle. It is mathematically proven that this equivalence relationship is valid for multiple
scattering among particles and the scattering interaction between particles and the ground plane.
The details are reported in reference [7).

2.1.2 Statistical Analysis

In estimating the height of the scattering phase center of a distributed targets, random fluctuations
of the calculated/measured phase due to fading was investigated. An analytical form for the p.d.f.
of the interferogram phase was obtained in terms of two independent parameters: (1): mean
phase and (2)a: degree of correlation, which is given by
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¢ is proportional to the mean scattering phase center height and « is inversely proportional to the
uncertainty with which { can be estimated. It is shown that a is directly related to the frequency
correlation function (FCF) of the distributed target given by
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Using this pdf the uncertainty in estimation of (, or equivalently the mean height, from a single
pixel can be evaluated. Figure 1 shows the phase uncertainty range for 80% and 90% confidence
criteria [7]. Statistical analysis shows that the uncertainty in the height estimation of a distributed
target is a function of equivalent frequency decorrelation bandwidth and is independent of the
baseline distance.

2.1.3 Vegetation Model

Theoretical vegetation models capable of predicting backscattering coefficients and location of
scattering phase center for simple canopy structures (homogeneous particle distribution) were
developed [7, 10]. It is also shown that for a uniform closed canopy the extinction and the
physical height of the canopy top can be estimated provided that the correlation coefficient (a)
can be measured very accurately. For example for a dense canopy it is found that the extinction
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Figure 1: The phase uncertainty for 80% and 90% error probability criteria as a function of a.

coefficient can be directly obtained from a. Also the location of scattering phase center (from
the canopy top) is given by the following simple relationship:

cos 6
Ad=——. (4)

However, for finite canopies, estimation of extinction and scattering phase center is not straitfor-
ward. Using the model developed in [10], the estimation of tree height and surface topography
was attempted. It was shown that measurements of interferometric phase and amplitude were
not enough to estimate the three relevant parameters, which are the tree height, ground-surface
altitude, and extinction coefficient, if only volume scattering (from the leaf-branch-trunk canopy)
is considered. The first demonstration was therefore supplemented with in situ extinction co-
efficient measurements and the dual-baseline estimates were based on INSAR data alone [26].
The results of the dual-baseline demonstration are shown in Figures 2 and 3. Figure 2 shows
the tree heights derived from dual-baseline INSAR alone versus ground-truth tree height. While
there are some outliers, there is generally good agreement within the error bars. Figure 3 shows
the topographic altitudes derived from the INSAR phase in the absence of the modeling which
produced Fig. 2. The actual topography of the region has been largely removed, so the trend
with tree height should be flat. Because trees cause an error of the order of their heights, there
is an upward trend for the uncorrected altitudes as a function of tree height. When the altitudes
derived from phase are corrected by modeling the multi-baseline data to determine tree height,
the scatter about zero (rms in the figure) drops from 12.6 m to 6.3 m. Thus the modeling
approach to multi-baseline INSAR data has dramatically improved the accuracy of the surface
topographic measurement. For the single-baseline demonstration in [10], slightly worse results
were achieved with biases in tree height at about the 5-m level.



Figure 2: Tree heights derived from dual-baseline INSAR alone versus ground-truth tree height.
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Figure 3: The topographic altitudes derived from the INSAR phase.



2.2 Development of a Monte Carlo Coherent Scattering Model for Tree
Canopies Based on Fractal Theory

Although there are a number of EM scattering models for vegetation canopies (1, 2], they are of
little use with regard to INSAR applications due to the models inability to predict the absolute
phase of the scattered field. The absolute phase of the scattered field is the fundamental quantity
from which the interferogram images are constructed. As mentioned earlier in order to simulate
the response of an INSAR system a coherent scattering model capable of preserving the absolute
phase of the scattered field is needed. Traditional scattering models for forest canopy such as
radiative transfer and distorted Born approximation are incapable of providing the phase of the
backscatter and do not preserve the effect of coherence caused by the relative position of scatterers
within a tree. We have completed the task of developing a coherent scattering model for forest
canopies. This model is based on a Monte Carlo scattering simulation which preserves the exact
structure of desired trees [11, 12]. In this model first random generation of tree architectures is
implemented by employing the Lindenmayer systems (L-systems). The L-systems is a convenient
tool for creating fractal patterns of botanical structures. After generating a tree structure, the
electromagnetic scattering problem is then solved by invoking the single scattering theory. In
this solution scattering from individual tree components when illuminated by the mean field is
computed and then added coherently. This model was examined thoroughly and its validity .
was tested using SIR-C data. We used our test site (Hiawatha National Forest) in Michigan’s
Upper peninsula for which we collected extensive ground-truth data during SIR-C overflight.
Figure 4 shows a photo of a red maple stand, computer simulated tree structure of the same
stand, and the exact extinction profile derived from the Monte Carlo simulation. Figures 5a and
5b show the comparison between the model prediction and SIR-C polarimetric backscattering
coefficients at L- and C-band respectively. The three angular measurement points correspond
to three different orbits of the October 94 mission. To our knowledge this model is the most
accurate and sophisticated scattering model for forest canopies to date. The model preserves
the exact structure of the trees, it can simulate a forest over a hilly terrain, it can simulate both
coniferous and deciduous trees, it can also incorporate radially inhomogeneous dielectric profile
for branches and tree trunk. The details of this model is reported in [12].

We have also used the Monte Carlo coherent model in simulating the location of scattering
phase center of different forest stands. As mentioned in the summary of the theoretical activities,
the equivalence relationship can be invoked to find the location of the scattering phase center of
a tree. This is basically done by evaluating the backscatter from a forest stand at two slightly
different frequencies and calculating the phase difference of the backscattered. The difference in
frequency is directly proportional to the base-line distance and is also a function of the center
frequency and the incidence angle. In April 1995 JPL TOPSAR flew over one of ‘our test sites in
the Michigan's Upper peninsula. For this site extensive ground truth data for vegetation including
tree heights, type, number density, dielectric constant and for the ground surface including soil
moisture and surface elevation were collected. We have recently received the processed data
from JPL and were able to compare the result of our model with the actual measurement of
TOPSAR at C-band. Figure 6 shows a photo of a red pine stand, and a computer generated red
pine. Figures 7 and 8 respectively show the TOPSAR image of the test stand and the measured
(at two incidence angles) and estimated height of the scattering phase centers of this stand.
Finally Fig. 9 shows the measured and calculated backscattering coefficients. In Figs. 8 and 9
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Figure 4: The generated fractal tree (b), based on the forest Stand 31 (a), and the calculated
extinction profile (c).
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Figure 5: Comparison between the model predictions (lines) and SIR-C data (symbols) at (a)
L-band and (b) C-band.



(a) Stand 22 : (b) Fractal Tree

Figure 6: The red pine forest stand (a), the generated fractal tree (b).

excellent agreements between the measured and calculated results are shown. The details of this
simulation and some sensitivity analysis can be found in [13].

2.3 Experimental Activities

Our experimental activities so far have been focused over two well-characterized sites: 1) Hiawatha
National Forest (HNF) in Michigan's Upper peninsula, and 2) the Kellogg Biological Station
(KBS) near Kalamazoo, Michigan. Nearly 25 different forest stands were chosen in the NHF
test site which included varieties of tree types, tree height and density, and surface topography
. For these stands, extensive ground truth data were collected. The ground truth for vegetation
includes tree heights, type and structure, number density, and dielectric constant and for the
ground surface includes soil moisture and surface elevation. In April 1995 JPL TOPSAR flew
over this site and interferometric images were collected at two incidence angles. Figure 2.3 shows
the map of HNF site and the location of some of the forest test stands. The grey level indicates
the surface elevation as measured by TOPSAR at incidence angle 31°. An important and most
difficult-to-characterized ground truth parameter was the forest floor surface elevation data which
is required to extract the scattering phase center height from INSAR images. To accomplish this,
differential GPS technique was used to characterize the elevation map of the forest floor of each
stand with a resolution of the order of £5¢m. Figure 10 shows a typical surface elevation map
of a stand generated from the differential GPS measurements.



Figure 7: C-band image (o?,) of Stand 22 in Raco, Michigan.
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Figure 8: The estimated height of scattering phase center of Stand 22, compared with the
interferometric data from JPL TOPSAR.
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We also conducted an experiment at the KBS site mainly to characterize the role of short
vegetation on the phase and amplitude of interferograms. TOPSAR and polarimetric L- and C-
band AIRSAR data were collected for this site. Different test fields with different vegetation type
including wheat, alfalfa, corn, and native grass were considered. Ground truth data for each test
field were also collected. We have also conducted an extensive polarimetric wideband backscatter
measurements of these fields using The University of Michigan L- and C-band scatterometers.
The intent of this experiment was to simulate the response of INSARs according to the procedure
outlined in [7, 9]. Basically by invoking the equivalence relationship the location of the scattering
phase center and correlation coefficient can be computed directly from a scatterometer. For
example Fig. 11 shows the measured and modeled (developed in [9]) frequency correlation
function (FCF) of a native grass with physical height 1.2 m at incidence angle 20°. Using the
phase of FCF the location of scattering phase center, from the vegetation top, is computed from
[7] L

= Teos(®) Ak 0.461 m (5)
Currently we are post processing the rest of data which will be compared with INSAR measure-
ments in Phase Il of this investigation.

3 PROPOSED PLAN

3.1 Enhancement of The Coherent Monte Carlo Scattering Model

The coherent Monte Carlo model, as it stands now, is capable of predicting the backscattering
coefficients and the location of scattering phase center as well as the correlation coefficient,
fully polarimetricly over a frequency range extending from P-band to X-band. The calculations
are based on single scattering theory. We are planing to enhance the model by including the
multiple scattering among vegetation particles. Theoretical models that can evaluate scattering
up to second order have already been developed [14, 15, 16]. We will incorporate these into the
coherent model in an efficient manner by examining the significance of the second order terms
prior to their numerical calculations. It is expected that the second order scattering terms would
improve the cross-polarized response.

Another enhancement to the existing model is the inclusion of forest understory. Most forest
stands have underlying layers of vegetation including smaller trees and short vegetation. Depend-
ing on the frequency, the underlying layer influences the SAR/INSAR responses to some extent.
In order to examine the effect and importance of the forest understories, an relatively unstructured
layer of vegetation will be added to the existing forest model. The scattering and attenuation
caused by this layer will be taken in to account in a coherent fashion.

3.2 INSAR Response To Short vegetation

As part of our Phase | activities, we will complete the experimental aspects of studying the
effects of short vegetation on the phase and magnitude of interferogram. We have conducted
experiments with TOSAR and polarimetric wideband scatterometers at KBS site. Analysis and
data interpretation will be performed during the Phase Il of this project. We will also develop
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Figure 11: The measured and predicted magnitude and phase of the frequency correlation function
of native grass from which the location of scattering phase center can be evaluated.

analytical models to explain the data. Of particular interest in this study is the behavior of cor-
relation coefficient. Ideally, the measured correlation coefficient is a function of two independent
components: 1) system parameters such as incidence angle and system point spread function,
and 2) target attributes [7]. If the system dependent component of the correlation coefficient
can be estimated accurately, the target dependent component can be evaluated which can be
used in inversion algorithms. One way of estimating the system component is a direct measure-
ments of correlation coefficient of clear-cut areas. Clear-cut areas are usually covered with short
vegetation, and therefore it is important to investigate their effect on the correlation coefficient.

3.3 Investigation on the Utility of Multi-Polarization INSAR

As mentioned earlier, the number of parameters of a forest canopy that influence its backscatter
response is large and therefore parameter retrieval using a single-frequency, single-polarization
INSAR is practically very difficult, if not impossible. In this study we propose to Investigate
the enhancement achievable by utilizing the polarimetric interferometry for a canopy retrieval
algorithm. Initially the coherent Monte Carlo scattering model will be used to examine the
response of a polarimetric SAR interferometer to a variety different forest structures. This can
be accomplished as the coherent Monte Carlo model is fully polarimetric which preserves the
absolute phase of the backscatter.

To demonstrate the significance of such approach we carried out a simulation for a red maple
stand, denoted by Stand 31, at HNF. A fractal generated red maple tree and a picture of the
stand are shown in Figure 2?. The simulations for estimating the scattering phase center height
are performed fully-polarimetricly at L-band and C-band. Figure 12 shows the variation of the
apparent height of Stand 31 as a function of the incidence angles for co- and cross-polarized
L- and C-band INSAR configurations. Simulation results at C-band show that except at very
low angles of incidence, the scattering phase center is near the top of the canopy. In this case
the backscatter in all three polarizations is dominated by the direct backscatter components of
particles near the canopy top. The same is true for L,, and L, configurations; however, since

13
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Figure 12: The estimated scattering phase center height of Stand 31 as a function of incidence
angle, with fully-polarimetric L- and C-and response.

penetration depth at L-band is higher than C-band, the location of the scattering phase center
appears about 1-3 m below the apparent height at C-band. The scattering phase center height
for Lyx configuration, on the other hand, is a strong function of the incidence angle where it
appears near the ground surface at low incidence angles and increases to a saturation point near
grazing angles. Close examination of this figure indicates that a pair of C,, (or L,,) and L,
INSAR data at low incidence angles can be used to estimate the tree height of deciduous
forest stands with closed canopies.

At C-band foliated canopy behaves as a semi-infinite medium and as shown in [9] the knowl-
edge of extinction would reveal the distance between the location of the scattering phase center
and the canopy top (Ad) using Ad = cosf/(2«). If an average extinction coefficient (k) of
0.2N,/m is used in the above equation, a distance Ad = 1.77m is obtained at 6 = 45°. How-
ever, a simple relation for evaluating the apparent height for L;, does not exist yet. Using the
coherent model, empirical relationships for relating the location of scattering phase center (for
each polarization and frequency) to the canopy parameters for different types of canopy will be
established.

Multipolarization interferometric data will be generated using the existing SIR-C data. Fol-
lowing the procedures outlined in the literature repeat-pass polarimetric interferograms will be
generated [17, 18, 19]. We have requested repeat-pass SIR-C data over HNF site which were
acquired towards the end of SIR-C mission in October 1995. In order to estimate the baseline
distance and angle, very accurate coordinates of ground control points (GCP) are required. We
have already acquired coordinates of numerous GCPs within the test area of Raco, Michigan using
the differential GPS method. We will focus on L-band interferometry as the temporal decorre-
lation will not allow meaningful C-band interferometry. Polarimetric backscattering coefficients
together with the location of scattering phase centers at different polarizations will be used for

estimation of height and other canopy parameters. Similar procedure will be extended to the
BOREAS stands.
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3.4 Inversion Algorithm Based on Multi-incidence Angle and/or Multi-
frequency SAR/INSAR

The overall goal of this investigation is to obtain canopy parameters and structure from an
available set of SAR and INSAR data. The inversion algorithm has to be versatile enough so that
any combination of multi-frequency, multi-incidence angle, and/or multi-polarization SAR and/or
INSAR data set can be used as the input to the algorithm. Sensitivity analysis will be carried out
for determining the most influential canopy parameters on the SAR/INSAR responses. The result
of this analysis would also reveal the most sensitive SAR/INSAR channels to the changes in the
canopy parameters. These sensitive channels will be recommended for the inversion process.
Since the Monte Carlo coherent model is computationally intensive, its direct application
would significantly slowdown the inversion process. To rectify this deficiency while maintaining
the high fidelity of the model, simple empirical models based on the Monte Carlo model for
different tree types will be developed first. Since the quantities of interest are ensemble average
quantities, such as backscattering coefficients and the location of scattering phase center, it
is expected that the dependence of these quantiles on the canopy parameters be very gentle.
Therefore it is possible to obtain simple algebraic expressions for these quantities in terms of
canopy parameters. For example for a given frequency and polarization, Taylor series expansion

can be used to relate radar measured quantities to the canopy parameters at a specific incidence .

angle. Then by repeating this process for many incidence angles, the Taylor expansion coefficients
will be fitted to an algebraic equation in terms of incidence angle. To demonstrate feasibility of
such process we have developed an empirical model for red pine stands. Figure 13 shows a
comparison between the empirical model and the Monte Carlo model at C-band over a wide
range parameters including the incidence angular range 25° — 70°, and 40% variation on truck
diameter (dbh), tree height, tree density, branch angle, branch moisture, and soil moisture. The
top tree graphs show the height of the scattering phase center at the three principal polarizations
and the lower three graphs show the backscattering coefficients.

Once comprehensive (multi-frequency and multi-polarization) easily calculable scattering and
interferometric models for all tree types of interest are developed, inversion for any available
combination of INSAR and/or SAR data can be attempted by searching for an optimum set
of canopy parameters which would minimize the difference between the model prediction and
measured quantities. It is expected that the objective function be highly non-linear and complex
containing many local minima. In these situations gradient-based optimization methods usu-
ally converge to a weak local minimum. Stochastic algorithms such as simulated annealing [20]
and genetic algorithms [21, 22] offer an alternative for the traditional gradient-based optimiza-
tion methods where the dimension of parameter space is large and/or the objective function is
non-differentiable. In recent years, applications of genetic algorithms to a variety of optimization
problems in electromagnetics have been successfully demonstrated [23, 24, 25]. The fundamental
concept of genetic algorithms (GA) is based on natural selection in the evolution process which
Is accomplished by genetic recombination and mutation. In this approach the entire parameter
space is discretized and using a Monte Carlo simulation of the evolution process on a randomly
selected subset of the discretized parameter space, the desired objective function is optimized.
Genetic algorithms offer certain advantages over the traditional gradient-based (TGB) optimiza-
tion algorithms. The most important feature of GAs is that the optimization is accomplished
globally, that is, the probability of converging to a weak local minimum is very low unlike the
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Figure 13: A comparison between an empirical scattering model and the Coherent Monte Carlo
model for a red pine stand.

TGB algorithms. This is particularly the case when the objective function is highly non-linear and
the dimension of the parameter space is large. GAs perform equally well independent of objective
function’s smoothness condition and after convergence provide a list of high quality solutions
which can further be assessed according to criteria not included in the objective function. On the
other hand there are certain disadvantages associated with the GAs. A major drawback of GAs is
their lack of computational efficiency. Basically, far more calculation of the objective function is
required to achieve a convergence when compared with TGBs. Another shortcoming of the GAs
Is that they do not provide any insight as to the character of the objective function during the
course of the optimization process. It should also be noted that after convergence the solution
may not necessarily be the true extremum of the objective function. The algorithm is based on
a number of ad hoc steps including: 1) discretization of the parameter space, 2) development of
an arbitrary encoding algorithm to establish a one-to-one relationship between each code and the
discrete points of the parameter space, 3) random generation of a trial set known as initial pop-
ulation, 4) selection of high performance parameters according to the objective function known
as natural selection, 5) mating and mutation, 6) recursion of steps 4 and 5 until a convergence
is reached. The population size is provided by the user and a population of the given size is
generated randomly.

3.5 Investigation on the Utility of Multi-Baseline INSAR

As mentioned earlier, our priliminary investigation shows that application of multi-baseline INSAR
data drastically improves the accuracy of the surface topographic measurement.The proposed ac-
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tivity is 1) complete the Boreas demonstration by investigating a wide variety of scenes (the
current demonstration represented only about 20% of the data available) 2) determine the utility
of the combination of multi-baseline INSAR and polarimetry (POLSAR), and 3) demonstrate
the estimation of vegetation and surface characteristics from the INSAR/POLSAR combination.
There were many features of the current Boreas demonstration, e.g. anomalously low extinc-
tion coefficients, that were not thoroughly studied with the full data set. A sufficiently large
dual-baseline INSAR data set is available for establishing the robustness of the algorithms and
approaches developed in [10]. The material in two presentations this year [27] suggest that the
combination of multi-baseline INSAR with POLSAR will enable the estimation of vertical profile
details of vegetation in the presence of ground-trunk/volume returns. The ground-trunk/volume
returns were not considered in [10] but are treated in [27], and based on that and [28], it appears
that the combination POLSAR and multi-baseline INSAR will be a powerful tool for understanding
forest vegetation vertical profiles and underlying topography. We therefore propose to continue
the physical modeling and algorithm development which combines POLSAR and multi-baseline
INSAR and demonstrate the combination with Boreas and Kellogg data. Although simultaneous
INSAR and POLSAR were not acquired with TOPSAR, INSAR and POLSAR at different epochs
should be a useful first step, coupled with repeat-pass interferometry, for which POLSAR is simul-
taneously acquired. The repeat-pass interferometry will, however, pose the additional challenge of
understanding the temporal decorrelation to vegetation movement and chemical change between .
passes.

3.6 INSAR Lidar Data Fusion

Data fusion from independent remote sensing instruments can drastically improve the success
of inversion processes. A laser altimetry system that can provide high-resolution, geolocated
measurements of vegetation vertical structure and ground elevations beneath canopies is of great
value to the overall goal of PHASE Il investigation. The principle of operation is rather simple and
is based on precise timing of the round-trip travel time of short-duration pulses of a near-infrared
(1.06 microns) laser illuminating a forest canopy. Digitization of the backscattered return energy,
or laser echo, as a function of time yields a waveform which is a measure of the vertical distribution
of intercepted, nadir-projected surface area. The waveform is composed of both canopy elements
(foliage, needles, stems, branches) and the underlying ground's height distribution introduced by
surface slope and roughness [29, 30, 31]. The lidar elevation data will be used as an independent
set of measurements in the inversion process as well as evaluating the inversion process in the
absence of laser data.

A laser altimeter known as Scanning Lidar Imager of Canopies by Echo Recovery (SLICER)
was piggybacked on the ASAS C-130 deployment during the BOREAS Summer 1996 Intensive
Field Campaign in July (ASAS is a high-res, multi-angle hyperspectral imaging system). During
acquisition of ASAS images at the Southern and Northern Study Area flux tower sites, SLICER ac-
quired nadir transects of canopy vertical structure and sub-canopy ground topography. Typically,
the transects extend outward from the tower sites for a distance of approximately 10 km. The
transects consist of narrow swaths nominally composed of five cross-track footprints, each circular
and 8 m in diameter. There are also two long transects acquired during the transit between the
southern and northern study areas, which were acquired in SLICER single-beam profiling mode.

The lidar backscatter is digitized at 11 cm vertical sampling, in order to obtain the complete
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time-varying distribution of return pulse energy from multiple targets at varying heights within a
large footprint. By using large diameter footprints on the order of one to two times the typical
crown widths, each waveform includes returns from the highest elements of the canopy and from
the ground. Ground returns occur where there are sufficient intra- or inter-crown gaps of any size
extending at nadir to the canopy floor, which is usually the case in all but the densest canopies.
The laser footprints are geolocated, at footprint scale absolute horizontal accuracy, by combining
the laser ranging data with aircraft position, obtained from a differential kinematic GPS trajectory,
and laser pointing knowledge, obtained from an Inertial Navigation System. By scanning the laser
footprint across the track of the aircraft flight line, a narrow swath of three-dimensional laser
waveform data is acquired.

i From each laser backscatter echo the ground elevation and canopy height are readily derived
at meter-level absolute vertical accuracy, and from adjacent laser footprints the slope and azimuth
of the canopy top and underlying ground surfaces can be determined. By accounting for extinction
of the laser light with depth through the canopy, the raw echoes can also be converted to canopy
height profiles which are a normalized measure of the vertical distribution of canopy surface area
[32]. Height profiles of absolute, nadir-projected canopy surface area and closure can be derived
where ancillary information on ground and canopy reflectance at 1 micron are available, as for
example from ground measurements or pixel unmixing of hyperspectral imaging radiometer data.

A comprehensive set of figures characterizing the SLICER results at all the BOREAS Southern -
Study Area flux towers is already completed, and analysis of the Northern Study area flux towers
is in progress. For each tower site the plots include detailed map views of the ground tracks, 3-D
perspective views of canopy top and ground elevations along the transects, contour plots of the
vertical distribution of normalized canopy area and closure, and average canopy height profiles.
Figure 14 shows average canopy height profiles for the Southern Study Area flux tower sites.
The stand structures are differentiated by total height, the thickness of the upper story, and the
presence or absence of an understory.

Initial work on INSAR-lidar fusion will focus on constraining analysis of single wavelength,
baseline length, and polarization INSAR data using lidar profiles, thus providing methodologies
appropriate for the integration of Shuttle Radar Topography Mission (SRTM) and Vegetation
Canopy Lidar (VCL) data. SRTM will provide nearly complete INSAR global coverage at L-
band in late 1999, and VCL will provide globally distributed surface lidar profiles at 1.06 microns
starting in early 2000. The model development of [7, 10, 13] provide a basis for this INSAR-lidar
fusion. For example in the simplified model [10], three surface parameters (the height of the
vegetation layer, the vegetation extinction coefficient, and the elevation of the ground surface)
are expressed in terms of two INSAR parameters (amplitude and phase of the normalized cross
section). This under determined system was evaluated for vegetation height and ground elevation
by applying independent measurements of extinction coefficient. However, it was difficult to
differentiate sources of ambiguity in the height and elevation results between instrumental, model,
and extinction coefficient errors. For the BOREAS region, we will use the SLICER data to provide
independent measures of vegetation height and ground elevation, and thus in the presence of the
SLICER data the model of [10] will be over determined and we can solve for the extinction
coefficient. Instrumental errors can also be assessed, particularly the necessary conversion of
the measured normalized cross-correlation amplitude to an absolute vegetation cross-correlation
based on range correlation and noise corrections. The vegetation height profile, closure, and
ground slope measurements provided by the lidar can be used to assess extensions of the simple
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models of [7, 10] (dense, homogeneous vegetation layer extending to the ground, a flat ground
surface, and no ground scattering interactions) to account for layered vegetation, sloped ground,
and a ground scattering contribution. Additionally, the lidar data can be used as input to the
more sophisticated model of [13].

The limited spatial coverage of the SLICER lidar data for BOREAS, and ultimately globally
from VCL, will require methods to extend the lidar constraints to areas of INSAR coverage in the
absence of the lidar data. We will evaluate the following methodology for the BOREAS region:

1. define vegetation cover types based on the amplitude and texture of cross-correlation and
backscatter INSAR images,

2. for cover regions crossed by a subset of lidar profiles, apply the model of [10] constrained by
lidar vegetation height and ground elevation in order to determine instrumental correction
factors and each cover types vegetation extinction coefficient,

3. apply the derived extinction coefficients, based on cover type, throughout the INSAR images
using the model of [10] in order to determine vegetation height and ground elevation in the
absence of lidar data,

4. use a subset of the lidar profiles, withheld from step 2, to assess the accuracy the resulting --
vegetation height and ground elevation images.

This approach should provide a means to utilize near-term INSAR and lidar assets, without relying
on access to multi-wavelength, baseline length, or polarization INSAR data.

4 Management and Cost Plan
4.1 Schedule

The proposed investigation will require a three year period of performance. The EM model
enhancement, and the development of inversion algorithm will be conducted during the first year
of the study. Validation of the inverse model using TOPSAR and INSAR data taken over HNF
and KBS will be performed in the second year. The KBS data analysis and interpretation of
TOSAR and polarimetric scatterometer will be done during the first two years. Activities related
to polarimetric interferomtry using SIR-C will start from the onset of the Phase Il project and
should last about two years. Research activities concerning dual baseline SAR interferomtry over
BOREAS will be conducted throughout the project. SLICER data preparation and analysis and
comparison with the existing TOSAR data will be performed during the first two years. Data
fusion, implementation of inversion algorithm for BOREAS stands will be completed in the third
year.

4.2 Personnel

The proposed research will be performed under the direction of professor Kamal Sarabandi. He
will be principally assisted by four Co-Investigators: Mr. M. Craig Dobson (UM), Dr. David
Harding(GSFC), Dr. Robert Treuhaft (JPL), and Dr. Jakob van Zyl (JPL). The UM team will be
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responsible for the development, validation, and implementation of the forward and inverse model.
They will also be responsible for the activities related to polarimetric SAR interferometry using
SIR-C data as well as the KBS data analysis and interpretation. JPL team will be responsible for
the dual baseline INSAR activities and TOPSAR data extraction and analysis of BOREAS site.
The JPL team will also be continuing work on forward and inverse models for the INSAR-POLSAR
combination. Dr. Harding who has extensive experience in lidar research will be responsible for
the data interpretation of SLICER and will collaborate in the data fusion activity. All will be
engaged in the development and validation of the proposed algorithms. Two graduate student
research assistants will be supported by this project.

4.3 Facilities and Required Resources

All necessary equipment and facilities required are available within the Radiation Laboratory at
the University of Michigan, Jet Propulsion Laboratory, and NASA Goddard Space Flight Center;
no additional equipment will be purchased with the requested funding.

5 Budget

The total cost of the proposed three-year project is $466,146, of which $454,977 is requested
from NASA and the balance of $11,169 will be provided by The University of Michigan in the
form of cost sharing. Out of total costs of $454,977 to NASA, $295,177 is requested by the
University of Michigan, $70,000 by GSFC, and the remainder of $89,800is requested by JPL.
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each cost category, along with any narrative explanation required to fully explain proposed
costs.

ADDITIONAL INSTRUCTIONS ON REVERSE -------meeene-ee



Digital Topography From SAR Interferometry:
March 15, 1998 - March 14, 2001

Determination of and Correction for Vegetation -

YEAR ONE - March 15, 1998 - March 14, 1999

UM NASA TOTAL

DIRECT COSTS
Prof. Kamal Sarabandi, P.D. 1,833 5,906 7,739

5% x 9 months, 0.5 summer month (8147/month)
M. Craig Dobson, Co-P.I. 10%, 12 mos. (6760/month) 8,112 8,112
Adm. Assistant, 5%, 12 mos. (3963/month) 2,378 2,378
Graduate Student Research Assistant

2 @ 1414/month each, 1@12 months, 1@7 months 26,866 26,866
Total Salaries and Wages 1,833 43,262 45,095
Fringe Benefits@ 28% 513 12,113 12,627
Other Direct Costs -
Tuition for two graduate students* 4,884 4,884

(Two terms per student per year) -
Travel
Working Group Meeting (1 person, 3 days) 1,400 1,400
Field Experiments (3 persons, 5 days) 2,600 2,600
Lab and Consumable Supplies 1000 1000
Communications (FAX, Xerox, Postage) 500 500
TOTAL DIRECT COSTS 2,346 65,759 68,105
Total Indirect Costs @ 52.5% TDC 1,232 31,959 33,191

TOTAL COSTS 3,578 97,718 101,296

*The College will pay the portion of GSRA tuition not paid by the sponsor.




YEAR TWO - March 15, 1999 - March 14, 2000

UM NASA TOTAL

DIRECT COSTS
Prof. Kamal Sarabandi, P.D. 1,906 6,143 8,049

5% x 9 months, 0..5 summer month (8473/month)
M. Craig Dobson, Co-P.I. 10%, 12 mos. (7030/month) 8,436 8,436
Adm. Assistant, 5%, 12 mos. (4122/month) 2,473 2,473
Graduate Student Research Assistant

2 @ 1471/month each, 1@12 months, 1@6 months 26,478 26,478
Total Salaries and Wages* 1,906 43,530 45,436
Fringe Benefits@ 28% 534 12,188 12,722
Other Direct Costs
Tuition for two graduate students** 5,078 5,078

(Two terms per student per year) .
Travel
Working Group Meeting (1 person, 3 days) 1,400 1,400
Field Experiments (3 persons, 5 days) 2,600 2,600
Lab and Consumable Supplies 1000 1000
Communications (FAX, Xerox, Postage) 500 500
TOTAL DIRECT COSTS 2,440 66,296 68,736
Total Indirect Costs @ 52.5% TDC 1,281 32,139 33,420

TOTAL COSTS 3,721 98,435 102,156

*An annual increment of 4% is included in Year Two for Salaries and Tuition.
*The College will pay the portion of GSRA tuition not paid by the sponsor.




YEAR THREE - March 15, 2000 - March 14, 2001

UM NASA TOTAL

DIRECT COSTS
Prof. Kamal Sarabandi, P.D. 1,983 6,388 8,371

5% x 9 months, 0.5 summer month (8811/month)
M. Craig Dobson, Co-P.I. 10%, 12 mos. (7311/month) 8,773 8,773
Adm. Assistant, 5%, 12 mos. (4287/month) 2,572 2,572
Graduate Student Research Assistant

2 @ 1529/month each, 1@12 months, 1@5 months 25,993 25,993
Total Salaries and Wages* 1,983 43,727 45,709
Fringe Benefits@ 28% 555 12,243 12,799
Other Direct Costs
Tuition for two graduate students** 5,282 5,282

(Two terms per student per year) :
Travel :
Working Group Meeting (1 person, 3 days) 1,400 1,400
Field Experiments (3 persons, 5 days) 2,600 2,600
Lab and Consumable Supplies 1000 1000
Communications (FAX, Xerox, Postage) 500 500
TOTAL DIRECT COSTS 2,538 66,752 69,290
Total Indirect Costs @ 52.5% TDC 1,332 32,272 33,604

TOTAL COSTS 3,870 99,024 102,894

*An annual increment of 4% is included in Year Three for Salaries and Tuition.
*The College will pay the portion of GSRA tuition not paid by the sponsor.




Digital Topography From SAR Interferometry:
March 15, 1998 - March 14, 2001

Determination of and Correction for Vegetation -

SUMMARY - YEARS ONE - THREE

UM NASA TOTAL
DIRECT COSTS
Prof. Kamal Sarabandi, P.D. 5,722 18,437 24,159
M. Craig Dobson, Co-P.l. 25,321 25,321
Adm. Assistant 7,423 7,423
Graduate Student Research Assistants 79,337 79,337
Total Salaries and Wages* 5,722 130,518 136,240
Fringe Benefits@ 28% 1,602 36,545 38,147
Other Direct Costs
Tuition for two graduate students*™* 15,244 15,244
(Two terms per student per year)

Travel .
Working Group Meeting (1 person, 3 days each year) 4,200 4,200
Field Experiments (3 persons, 5 days per year) 7,800 7,800
Lab and Consumable Supplies 3000 3000
Communications (FAX, Xerox, Postage) 1,500 1,500
TOTAL DIRECT COSTS 7,324 198,807 206,131
Total Indirect Costs @ 52.5% TDC 3,845 96,370 100,215

TOTAL COSTS 11,169 295,177 306,346

*An annual increment of 4% is included in Years Two and Three for Salaries and Tuition.

**The College will pay the portion of GSRA tuition not paid by the sponsor.




JET PROPULSION LABORATORY

JPL California Institute of Technology NASA PROPOSAL COST PLAN
4800 Oak Grave Drive
Pasadena, California 91109
Proposal Titic DIGITAL TOPOGRAPHY FROM SAR INTERFEROMETRY:
RTOP No. (If applicable) Delermination of and Correction for Vegetation Height |Date Prapared Jun-97
A. Direct Compensation Product DETERMINATION OF AND] Annual Total, K
(By Classification) Workhours Workyears Salary [FY'98  [FY'99 |FY'00
Fiscal| FY' FY' FY' FY' FY' FY' | Rate |Forward Pricing Index
Yaar| 98 99 0 98 88 0 IK 1.000 | 1.050 | 1.125
Enginaering/Scientist E| 274.8| 274.8] 274.8 0.2 0.2 0.2 88 13.2 13.9 14.9
Administrative A 0.0 0.0 0.0 0.0 0.0 Q.0
Ofttice/Clerical o) 0.0 0.0 0.0 0.0 0.0 0.0
Technician/Service T/S 0.0 0.0 0.0 0.0 0.0 0.0
Subcontracter (S) 0.0/ 0.0l 0.0l
Total Workhours A.1| 274.8] 274.8| 274.8]
Labor Subtotal A.2 13.2 13.9 14.9
A.3 Applled Paid Lesve | 17.5] 17.5] 17.5] A3 2.1 2.2 2.3
(% " A.2) (A.2+A.3)=A.4 15.3 16.1 17.2
A5 Benelils (% - A4) [ 22.0] 22.6] 23.2] As|[ 34 38 4.0
Total JPL Direct Compensation (A.4+A.5)=A.6 | 18.7] 19.7] 21.1
B. Travel Destination i trips |Cosl ea. Travel Subtolal
1 {Flald work 2 7 0.0 0.0
2|Contarences 2 2 0.0 0.0
B 0.0 0.0 0.0
C. Service List by type, eg. computing, documentation, etc. Rale Service Subtolal
1 [Publicalions 0.0 0.0
2
C Q0.0 0.0 0.0
D. Procurement List by type Procurement Subtotal
1
2
D 0.0 0.0 0.0
E. Faciliies List as either new construction or modification Facilities Subtetal
1
2
E 0.0 0.0 0.0
F. Total Diract Cost Total $K F 18.7 19.7[ 21.1
G. Indiraci Costs [Fy'9e |FY'98 |[FY'00 |
G.1. Laboratory Burden (% * A.6) [ 10.7] 10.7] 10.7]
: —et
Percent of Total Direct Compensation 61| 19 20 21
G.2. Project Staff Burden [ 11.2] 11.] 11.3] )
Percent of Total Direct Compensation G2 2.0 2.1 2.2
G.3. Technical Division Burden [ 8.15] 9.90] 10.44]
($/hour * A.1) G.3 2.6 2.7 2.9
H. Subtotal Indirect Costs (G.1+G.2+G.3) H 6.5 6.8 7.3
1. Subtotal Costs Before Support and General Burden (F+H) | 25.2 26.5 28.4
J. Support Burden (% * ) 5.6]| 6.4 7.6 J 1.4 1.7 2.0
K. Subtotal Costs Before General Burden (I+J) K 26.6 28.2] 30.4
L. General Burden (% * K) | 5.2 6.3 6.2] L 1.4 1.8 1.4
M. Total JPL Costs (K+L) M 28.0 30.0 31.8




Terrestrial Ecology Program: NRA-97-MTPE-08

Digital Topography from SAR Interferometry:

Determination of and Correction for Vegetation Height

GSFC Budget Component
YRI
Manpower (Full Time Equivalents - FTE)
GSFC Civil Servant (D. Harding) 0.2
GSFC On-site Contractor 0.2
Budget ($k)
Contractor Salary 15
Publication Page Charges 0
GSFC MPS Assessment (per FTE) 5
GSFC Branch Assessment 1
TOTAL ($k) 21

Requested Start Date: March 15, 1998. Requested Duration: 36 months
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PERSONAL

NAME

ADDRESS

HOME ADDRESS

RESEARCH
INTERESTS

EDUCATION
1986 - 1989

1987 - 1989

1984 - 1986

1975 - 1980

CURRICULUM VITAE
February 1997

Kamal Sarabandi
Associate Proferssor

3225 EECS Building,

Radiation Laboratory

Ann Arbor, M| 48109-2221.
e-mail: saraband@engin.umich.edu

Office Phone 313-936-1575

2780 Emberway,
Ann Arbor, M| 48104.
Home Phone 313-995-1031

Development of scattering models for natural targets (for remote sensing pu;-
poses), scattering and propagation of electromagnetic waves in random media,
inverse scattering problem, applied computational electromagnetics, and mi-
crowave circuits and antenna.

The University of Michigan, Ann Arbor

Ph.D. in Electrical Engineering.

Thesis Advisers: Prof. F.T. Ulaby and Prof. T.B.A. Senior.
Dissertation topic: Electromagnetic scattering from vegetation canopies.
During five years of graduate studies G.P.A.= 8.41 (A=8.0).

The University of Michigan, Ann Arbor
M.S. in Mathematics (May 1989), concentration in Applied Math.

The University of Michigan, Ann Arbor
M.S.E. in Electrical Engineering, fundamental courses in electromagnetics, op-
tics, and communications.

Sharif University of Technology, Tehran, Iran
B.Sc. in Electrical Engineering.



FUNDED RESEARCH PROJECTS

1.

10.

11.

12.

13.

14.

15.

16.

“Development of an advanced wireless and microwave experimental facilities,” Sponsor: Hewlett-
Packard Company, submission date: January 1997, $279,967, PI: K. Sarabandi, L. Katehi, and
B. Gilchrist.

“Components and systems for communications: An undergraduate design Laboratory,” Sponsor:
National Science Foundation, Submission date: Nov. 1996, $100,000. Co-Pls: L. Katehi, K.
Sarabandi, B. Gilchrist, G. Rebeiz.

“A novel millimeter-wave, low-loss, electronically controlled phase shifter for monolithic, beam-
steering phased array antenna applications,” 8/96-12/96, $25,054, Sponsor ONR, PI:K. Sara-
bandi.

“Low Energy Electronic Design for Mobile Platforms,” 9/96-9/01, $5,000,000/5 Yrs. Sponsor:
Army Research Office, Co-Pls: J Coffey, J. East, A. Hero, L. Katehi, S. Lafortune, P. Mazumder,
D. Neuhoff, K. Sarabandi, D. Teneketzis, and K. Wasserman.

“ARL Federated Laboratories: MMW radar phenomenology,” 1/96-12/95, $500,000/Yr. Sponsor:
ARL, PI: F.T. Ulaby, L. Katehi, G. Rebeiz, and K. Sarabandi ($86,685/Yr.).

“Lane Detection for Automotive Sensors,” 5/96-5/97, $167,374/1 Yr., Sponsor:TACOM, Co-
Pls:K. Kluge, S. Lakshmanan, and K. Sarabandi.

“Millimeter-wave radars as advanced vehicle control and warning systems: A feasibility study,”
5/96-5/98, $139,167/2 Yrs. Sponsor: General Motors, Pl: K. Sarabandi, Co-I Adib Nashashibi.

“Evaluation of radar techniques for assessing snowcover conditions and their effect on the de-
tection of hard targets,” 4/95-8/96, $40,000/ 1 Yr. Sponsor: Office of Naval Research, Pl: K.
Sarabandi, Co-I: F.T. Ulaby.

“Digital topography from SAR interferometry: Determination of and correlation for vegetation
height,” 3/95-3/98, $375,417/3 Yrs. Funded by NASA. PI: K. Sarabandi, Cols: M.C. Dobson
and J.J. van Zyl. )

“Development and construction of a 77 GHz dual-polarized planar antenna array and associ-
ated reflector,” 10/95-10/97, $276,000/2 Yrs. Funded by DaimlerBenz Company, Co-Pls: G.M.
Rebeiz, K. Sarabandi, and L.P. Katehi.

“Development of SAR algorithm for mapping soil moisture and vegetation biomass,” 10/94-10/97,
$482,716/3 Yrs. Funded by NASA. PI: F.T. Ulaby, Cols: K. Sarabandi and C. Dobson.

“Multi-Frequency, multi-polarization external calibration of the SIR-C/X-SAR,” 10/93-10/96,
$259,217/3 Yrs. Funded by: JPL. Pl: K.Sarabandi, Col: F.T. Ulaby.

“Construct and Deliver an X-band bistatic radar system,” 9/93-5/94, $102,000.-Funded by U.S.
Army Engineer Waterways. Pl: F.T. Ulaby, Col: K. Sarabandi.

“Retrieval of soil moisture and roughness from the polarimetric radar response,” 5/93-10/96,
§404,505/3 Yrs. Funded by NASA. PI: K. Sarabandi, Col: F.T. Ulaby.

“Statistical Behavior of Polarimetric Radar Response of Terrain with Emphasis on the Millimeter-
wave Region,” 1/92-1/95 $472,000/3 Yrs. Funded by Army Research Office. PI: F.T. Ulaby, Col:
K. Sarabandi.

“Investigation of Polarimetric Radar Response to Soil Moisture and Surface Roughness,” 4/90-
4/93 $300,000/3 Yrs. Funded by NASA. PI: F.T. Ulaby, Col: K. Sarabandi.



17. “"Hewlett Packard University Equipment Grants,” June 1993, $42,140. Granted by: HP Company.
Pl: K. Sarabandi.

PENDING PROPOSALS

1. “Multifunction, compact vehicular antennas (MCA): New generation of antenna structures,”
Sponsor:National Science Foundation, Submission date: January 1997, $482,432. Co-Pls: L.
Katehi and K. Sarabandi.

2. “Near-field polarimetric bistatic scattering: System design and measurements,” Sponsor: Air
Force, submission date: January 1997, $124,000/3yrs. Pl: K. Sarabandi.

3. “Wire Obstacle Detection Radar Sensor For Ground Vehicles,” Sponsor: DARPA, submission
date: October 1996, $375,104/2 Yrs. Pl: K.Sarabandi, Co-Pls: S. Lakshmanan, and K.C. Kluge.

4. “Characterization of Bistatic Scattering Coefficient of Some Distributed Targets at Microwave
and Millimeter-wave Frequencies,” Sponsor: U.S. Army Missile Command, submission date: Oct.
1996, $96,775/yr., Pl: K. Sarabandi.

5. “Construction of a 77 GHz Polarimetric Radar Front-End for Assessment of Radar Sensors for
Automotive Applications,” submission date: Feb. 1997, $60,000/1yr. Sponsor: General Motors
Corporation, Pl: K. Sarabandi.

6. “Retrieval Algorithms for Active Remote Sensing,” Sponsor: Synoptics (a Sub-contract from
European Space Agnecy), Submission date: June 96, $25,000/1Yr. Pl: K.Sarabandi.

7. “Target Classification and Estimation of Biophysical Parameters Using The Correlation Function

of the Radar Backscatter,” Sponsor: Joint Reseach Center of European Commission, submission
date: July 1996, $147,611/1yr. Pl: K. Sarabandi.

8. “Initial Testbed Study of Automotive Radar,” submission date: Feb. 1996, $50,000/1yr. Sponsor:
TRW Company, Co-Pls: Robert Ervin, Gabriel Rebeiz, and Kamal Sarabandi.

PATENTS

1. Sarabandi, K., and R. Hartikka, “Microwave and millimeter wave polarization controller,” Disclo-
sure submitted to University of Michigan Intellectual Property Office, May 1994.

BOOK CHAPTERS

1. Kendra, J.R., F.T. Ulaby, and K. Sarabandi, “Snow probe for in situ determination
of wetness and density,” in Microwave Aquametry: Electromagnetic Wave Interaction with
Water-Containing Materials, A. Kraszewski editor, IEEE Press, New York, 1996.

2. Ulaby, F.T., and K. Sarabandi, “Characterization of Antenna Polarization and Brightness
Temperature Stokes Vector,” in AIAA Space Based Microwave Systems Calibration Manual, J.P.
Hollinger, editor, 1993.

3. Senior, T.B.A, and K. Sarabandi,
“Scattering Models for Point Targets,” in Radar Polarimetry for Geoscience Applications, F.T.
Ulaby and C. Elachi, eds., Artech House, Dedham MA, 1990.

4. Whitt, MW., F.T. Ulaby, and K. Sarabandi, “Polarimetric Scatterometer Systems and Measure-
ments,” in Radar Polarimetry for Geoscience Applications, F.T. Ulaby and C. Elachi, eds., Artech
House, Dedham MA, 1990.

JOURNAL PUBLICATIONS



10.

11.

12.

13.

14.

15.

16.

Chiu, T.C., and K. Sarabandi, “Electromagnetic scattering interaction between a dielectric cylin-
der and a slightly rough surface,” |EEE Trans. Antennas Propagat., submitted for publication
(June 1997).

Ulaby, F.T., A. Nashashibi, A. El-Rouby, E. Li, R. Deroo, K. Sarabandi, R. Weliman, and B.
Wallace, “Millimeter-wave scattering by terrain at near grazing incidence,” /EEE Trans. Antennas
Propagat., submitted for publication (May 1997).

. Sarabandi, K., A. Nashashibi,“Analysis and applications of backscattered frequency correlation

function,” IEEE Trans. Geosci. Remote Sensing., submitted for publication (April 97).

. Sarabandi, K., Eric S. Li, A. Nashashibi, and B. Litkouhi, “Modelling and Measurements of

Scattering from Road Surfaces at Millimeter-wave Frequencies,” /EEE Trans. Antennas Propagat.,
submitted for publication (Feb. 1997).

Sarabandi, K., and Y.C. Lin, “Simulation of Interferometric SAR Response for Characterization
of Scattering Phase Center Statistics of Forest Canopies,” IEEE Trans. Geosci. Remote Sensing.,
submitted for publication (Jan. 97).

Lin, Y.C., and K. Sarabandi, “A Monte Carlo Coherent Scattering Model For Forest Canopies
Using Fractal Generated Trees,” /EEE Trans. Geosci. Remote Sensing., submitted for publication

(Sept. 96).

. Sarabandi, K., and E. Li, “Characterization of Optimum Polarization for Multiple Target Discrim-

ination Using Genetic Algorithms,” IEEE Trans. Antennas Propagat., submitted for publication
(August 1996).

Sarabandi,K., and T.C. Chiu “Electromagnetic scattering from slightly rough surfaces with inho-

mogeneous dielectric profile,” IEEE Trans. Antennas Propagat., submitted for publication (April
1996).

. Sarabandi,K., “Ak-Radar equivalent of Interferometric SARs: A Theoretical Study for determina-

tion of vegetation height,” IEEE Trans. Geosci. Remote Sensing., accepted for publication (Dec.
96).

Ulaby, F.T., P.R. Sequeira, A. Nashashibi, and K. Sarabandi, “Semi-empirical model for radar
backscatter from snow at 35 and 95 GHz,” /EEE Trans. Geosci. Remote Sensing., vol. 34, no.
5, pp. 1059-1065, Sept. 96.

Kendra, J. R., and K. Sarabandi, “A hybrid experimental/theoretical scattering model for dense
random media,” [EEE Trans. Geosci. Remote Sensing., submitted for publication (Sept. 95).

Kendra, J. R., K. Sarabandi, F.T. Ulaby, “Radar measurements of snow: Experiment and analy-
sis,” [EEE Trans. Geosci. Remote Sensing., submitted for publication (Sept. 95).

Nashshibi, A., and K. Sarabandi, “Experimental characterization of the effective propagation
constant of dense random media,” /EEE Trans. Antennas Propagat., submitted for publication
(August 1995).

Siqueira, P.R., and K. Sarabandi, “Method of moments evaluation of the two-dimensional quasi-
crystalline approximation,” /[EEE Trans. Antennas Propagat., vol. 44, no. 8, pp. 1067-1077, Aug.
1996.

Sarabandi, K., and E. S. Li, “A microstrip ring resonator for non-invasive dielectric measure-
ments,” |EEE Trans. Geosci. Remote Sensing., accepted for publication (May 95).

Dobson, M.C., F.T. Ulaby, L.E. Pirece, T.L. Sharik, K.M. Bergen, J. Kelindorfer, J.R. Kendra,
E. Li, Y.C. Lin, A. Nashashibi, K. Sarabandi, and P. Siqueira, “Estimation of Forest Biomass,"
|IEEE Trans. Geosci. Remote Sensing., vol. 33, no. 4, pp. 887-895, July 1995.



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

Sarabandi, K., and P. Siqueira, “Numerical scattering analysis for two dimensional dense random
media: characterization of effective permittivity,” /EEE Trans. Antennas Propagat., vol. 45, no.

5, May 1997.

Freeman, A., M. Alves, B. Chapman, J. Cruz,, Y. Kim, S. Shaffer, J. Sun, E. Turner, and K.
Sarabandi, “SIR-C Calibration Results,” /EEE Trans. Geosci. Remote Sensing., vol. 33, no. 4,
pp. 848-857, July 1995.

Stiles, J.M., and K. Sarabandi, “A scattering model for thin dielectric cylinders of arbitrary cross-
section and electrical length,” IEEE Trans. Antennas Propagat., vol. 44, no.2,260-266, Feb.
1996.

Sarabandi, K., and A. Nashashibi, “A novel bistatic scattering matrix measurement technique
using a monostatic radar,” IEEE Trans. Antennas Propagat., vol. 44, no. 1, 41-50, Jan. 1996.

Sarabandi, K., L. Pierce, M.C. Dobson, F.T. Ulaby, J. Stiles, T.C. Chiu, R. De Roo, R. Hartikka,
A. Zambetti, and A. Freeman, “Polarimetric calibration of SIR-C using point and distributed
targets,” IEEE Trans. Antennas Propagat., vol. 33, no. 4, pp. 858-866, July 1995.

Sarabandi, K., and T.C. Chiu,"” An optimum corner reflector for calibration of imaging radars,”
IEEE Trans. Antennas Propagat., vol. 44, no. 10, Oct. 1996.

Lin, Y.C., and K. Sarabandi, “Electromagnetic scattering model for a tree trunk above a ground

plane,” IEEE Trans. Geosci. Remote Sensing., vol. 33, no. 4, pp. 1063-1070, July 1995.

Oh, Y., and K. Sarabandi, “An improved numerical simulation of electromagnetic scattering from
perfectly conducting random surfaces,” IEE Proceedings- Microwave, Antennas and Propagat.,
accepted for publication.

Nashashibi, A., K. Sarabandi, F.T. Ulaby, “A calibration technique for polarimetric coherent-on-
receive radar system,” |EEE Trans. Antennas Propagat., vol. 43, no. 4, pp. 396-404, April
1995.

Siqueira, P., K. Sarabandi, and F.T. Ulaby, “Numerical simulation of scatterer positions in a very
dense medium with an application to the two-dimensional Born approximation,” Radio Sci., vol.
30, no. 5, pp 1325-1339, 1995.

Sarabandi, K., “A technique for dielectric measurement of cylindrical objects in a rectangular
waveguide,” |EEE Trans. Instrum. Meas., vol. 43, no. 6, pp. 793-798, Dec. 1994.

Polatin, P.F., K. Sarabandi, and F.T. Ulaby, “Monte Carlo simulation of electromagnetic scattering
from a heterogeneous two-component medium,” IEEE Trans. Antennas Propagat., vol. 43, no.
10, pp. 1048-1057, Oct. 1995.

Pierce, L.E., F.T. Ulaby, K. Sarabandi, and M.C. Dobson, “Knowledge-based c_Iassification of
polarimetric SAR images,” IEEE Trans. Geosci. Remote Sensing., vol. 32, no. 5, pp. 1081-1086,
Sept. 94.

Nashashibi, A., F.T. Ulaby, and K. Sarabandi, “Measurement and modeling the millimeter-wave
backscatter response of soil surfaces,” IEEE Trans. Antennas Propagat., vol. 34, no. 2, 561-572,
March 1996.

Kendra, J.R., F.T. Ulaby, and K. Sarabandi, “Snow probe for in situ determination of wetness
and density,” |EEE Trans. Geosci. Remote Sensing., vol. 32, no. 6, 1152-1159, Nov. 1994.

Sarabandi, K., “A waveguide polarization controller,” IEEE Trans. MTT, vol. 42, no. 11,
2171-2174, Nov. 1994.



33.

34.

35.

36.

37.

38.

39.

40.

41.

42

43.

44,

45.

46.

47.

48.

49.

Sarabandi, K., and P.F. Polatin, “Electromagnetic scattering from two adjacent objects,” IEEE
Trans. Antennas Propagat., vol. 42, no. 4, pp. 510-517, April 1994.

Sarabandi, K., Y. Oh, and F.T. Ulaby, “A numerical simulation of scattering from inhomogeneous
dielectric random surfaces,” |EEE Trans. Geosci. Remote Sensing, vol. 34, no.2, 425-432, March
1996.

Sarabandi, K., L. Pierce, Y. Oh, and F.T. Ulaby, “Power lines: Radar measurements and detection
algorithm for polarimetric SAR images,” IEEE Trans. Aerospace and Electronic Sys., vol. 30, no.

2, 632-648, April 1994,

Sarabandi, K., L.E. Pierce, Y. Oh, M.C. Dobson, A. Freeman, and P. Dubois, “Cross calibration
experiment using JPL AIRSAR and truck-mounted polarimetric scatterometers,” IEEE Trans.
Geosci. Remote Sensing, vol. 32, no. 5, 975-985, Sept. 1994.

Stiles, J.M., K. Sarabandi, and F.T. Ulaby, “Microwave scattering model for grass blade struc-
tures,” IEEE Trans. Geosci. Remote Sensing, vol. 31, no. 5, 1051-1059, Sept. 1993.

Sarabandi, K., “Calibration of a polarimetric synthetic aperture radar using a known distributed
target” /|EEE Trans. Geosci. Remote Sensing, vol. 32, no. 3, 575-582, May 1994.

Pierce, L.E., K. Sarabandi, and F.T. Ulaby, “Application of an artificial neural network in a canopy
scattering model inversion,” Int. J. Remote Sensing, vol. 15, no. 16, 3263-3270, 1994.

Polatin, P.F., K. Sarabandi, and F.T. Ulaby, “An iterative inversion algorithm with application to
the polarimetric radar response of vegetation canopies,” |EEE Trans. Geosci. Remote Sensing,
vol. 32, no. 1, 62-71, Jan. 1994.

Sarabandi, K., P.F. Polatin, and F.T. Ulaby, “Monte carlo simulation of scattering from a layer
of vertical cylinders,” /EEE Trans. Antennas Propagat., vol. 41, no. 4, 465-475, April 1993.

Sarabandi, K., Y. Oh, and F.T. Ulaby, “Measurement and calibration of differential Mueller matrix
of distributed targets,” /EEE Trans. Antennas Propagat., vol. 40, no. 12, 1524-1532, Dec. 1992.
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