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FORWARD

This Final Report of NASA Grant NAG 5-480 documents the
results of research activities conducted to study the dielectric properties of
vegetation material and the propagation characteristics of vegetation
canopies at microwave frequencies. These results are presented in the form
of reprints of papers published in the scientific literature and organized
under four topics: (1) Dielectric Properties of Vegetation Material, (2)
Scattering From a Vegetation Leaf, and (3) Propagation Through Vegetation
Canopies, and (4) Emission From and Polarimetric Scattering by
Vegetation.






MICROWAVE DIELECTRIC SPECTRUM OF VEGETATION MATERIAL

F T Ulaby & M El-Rayes

University of Michigan

ABSTRACT

A novel probe technique was developed to measure
the dielectric constant of vegetation material accurately,
rapidly, and non-destructively. The probe was then used
to measure dielectric spectra from 0.1 GHz to 20 GHz for
many types of vegetation material over a wide range of
moisture content. The data were used to guide the
development of a double-dispersion model that
incorporates separate relaxation spectra for bound water
and free water.

Keywords: Microwaves, Dielectric Constant, Vegetation.

1. INTRODUCTION

Vegetation material is a mixture of bulk vegetation,
water, and various types of organic compounds. Bulk
water exhibits a Debye Dispersion spectrum with a
relaxation frequency fy = 18 GHz at 22° C [1].

Chemically bound water, as in sucrose and other sugars
and proteins, is known to exhibit a dispersion spectrum
also, but neither its relaxation frequency nor the shape
factor of its dispersion spectrum are known. Hence, to
develop a realistic model for the dielectric behavior of
vegetation material, it was necessary to: (a) establish the
dispersion spectrum of bound water, (b) measure the
dielectric constant of vegetation material over a wide
range of moisture conditions, and (c) relate the salinity of
the fluid contained in the vegetation material to the
moisture content. These tasks were conducted and the
results are summarized in the sections that follow. A
summary of previous investigations is given in [2].
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2. PROBE DESIGN

Figure 1 is a block diagram of the dielectric
measurement system. It consists of a network analyzer
connected to coaxial probe through a directional coupler.
The probe, which is an open-circuited coaxial line, may
be modeled by an equivalent circuit consisting of a
radiation impedance in series with a fringing capacitor.

By proper choice of calibration materials, it is possible to
characterize the elements of the equivalent circuit, which
makes it possible to relate the magnitude and phase of
the reflection coefficient measured by the network
analyzer to the complex dielectric constant of the material
placed in contact with the probe. The calibration
procedure consists of reflection measurements made
under four conditions: (a) open circuit, (b) short circuit, (c)
probe immersed in pure water, and (d) probe immersed
in methanol. Pure water and methanol are used for
calibration because their dielectric spectra are well
known. This procedure is performed at each of 50
frequencies between 0.1 GHz and 20 GHz.

3. DIELECTRIC SPECTRA

Vegetation contains proteins and sugars whose
molecules can form chemical bonds with water
molecules. When water is added to a sugar such as
sucrose, some of the water molecules bind to the sucrose
molecules and the remaining molecules remain in a free
state, and the relative amounts of bound and free water
can be calculated exactly. By measuring the dielectric
spectra of sucrose-water mixtures of various water
contents, such as the one shown in Fig. 2, it was possible
to establish the dispersion spectrum of bound water.

This procedure led to the Cole-Cole spectrum:

€ = fpeo * oo "~ Ebeo (1)
14t/ fpg)! -

with e, = 2.9, & = 58.9, g = 0.178 GHz, and a = 0.5.

Next, measurements were made to determine the
dielectric spectra of various types of vegetation material
at several levels of moisture content. Measured spectra
of the real and imaginary parts of the dielectric constant
are shown in Fig. 3 for corn leaves. The moisture content
M, which is given in volumetric units, is determined from

measurements of the dry weight and wet weight values of
the vegetation sample and the vegetation density. In
addition, samples of the vegetation fluid were extracted
and then used to determine the salinity of the soiution.
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4. DIELECTRIC MODEL

The vegetation dielectric constant € is modeled as a
simple mixture of three components:

e=VVev+erf+Vbeb, (2)

where V stands for volume fraction, and the subscripts v,
f, and b stand for bulk vegetation material, free water, and
bound water, respectively. The dielectric constant of dry
corn leaves was determined to be:

g, = 1.5 -j0.01, (3)

and is independent of both temperature and frequency.
The magnitude of the real part is fairly accurate, but the
magnitude of the imaginary part is only an estimate.

The dielectric constant of free water is given by the
Debye equation

o " He . © (4)

€f = ot ,
T+jt/ M5 21teof

where € is the permittivity of free space, &,=4.9,0is
the ionic conductivity of the free water and is defined by
the salinity of the water, and g, and f, are defined in
terms of the water temperature and salinity [1].
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The basic form of g, is given by (1). The values of the

Cole-Cole parameters ey, €y, fpo. @nd a given in

conjunction with (1), however, were determined for a
specific constituent of vegetation, namely sucrose.
Based on a review of the literature and on a similar
analysis conducted for other sugars, proteins, and
starches, it is hypothesized that the general form of (1) is
applicable to vegetation also.

Upon: (a) inserting (1), (3) and (4) into (2), (b) specifying
the Debye parameters of free water at 22°C, and (c)
introducing a free paramter ¢_, we have

eme. +< I 0') Vi+ %Vo _ (5)
1+it18 f 1+ (t/0.178) 05
where
6=_0 =(189-428V¢) %. (6)
2mso

The above relation was determined empirically by
measuring the salinity and conductivity of the fluid
contained in the vegetation material. The measurements
were made for several values of the moisture content M,,,

from which the free water content V; was calculated

(according to the water distribution model discussed
below). It was found that for a particular vegetation type,
the salinity -- and hence the conductivity also --
decreases linearly with increasing moisture content; i.e.,
the salt solution becomes more dilute as M,, increases.

The free parameter ¢, was determined through
regression analysis (as discussed below) to be:

e, =186+129M,-j0.01. )

In order to evaluate the dielectric model, we need to
use a water distribution model that defines how water is
distributed between bound and free. To that end, we
shall assume that when a leaf, for example, loses water
to evapotranspiration, its volume shrinks accordingly,
thereby maintaining the volume of air in the vegetation
material constant. This assumption leads to the following
relation between the volumetric moisture content M,, and

gravimetric water content Mg (wet weight basis):
Mm=__ M , (8)
Mg +(1- Mg) Ipy.

where py is the density of dry vegetation. For corn

leaves a reasonable estimate is Pg = 0.24 ¢ cm3. Dry

vegetation consists of bulk vegetation material and air.
For dry corn leaves, approximately 80% of the volume is
occupied by air.

Based on the experience gained from the
measurements made and models developed for sucrose

and other sugars and proteins, it was hypothesized that
the maximum volume fraction of the vegetation-water
mixture that can be occupied by bound-water is equal to
one-half o/ the volume fraction of the bulk vegetation
material. These considerations led to the water
distribution model shown in Fig. 4.
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Fig. 4 Water distribution model for corn leaves.

Using a regression routine, the value of ¢ was
determined for each value of M,, by minimizing the

variance between ¢ calculated according to (5) and that
measured directly by the dielectric probe. The resuits
were then expressed as a linear function of M,,.  This

procedure led to (7). A total of 676 measurements were
used in this analysis which covers the range 0.7 - 20 GHz
in frequency and 0.1 to 0.7 in gravimetric moisture.

The mode! was evaluated by comparing calculated
spectra to measured spectra at specific moisture
contents, and by comparing the moisture variation
predicted by the model to that measured at specific
frequencies. Examples of both types are presented in
Figs. 5 and 6; they include high and low moisture values,
and high and low frequencies.

5. CONCLUSIONS

The model proposed in this study appears to provide
a satistactory fit to the measured dielectric spectra of
vegetation-water mixtures. However, most of the data
evaluated to date have been for corn leaves. The next
step is to evaluate how well it can be extended to other
vegetation types and to temperatures other than room
temperature. These objectives will be the subject of
future investigations.
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Microwave Dielectric Spectrum of Vegetation—Part
I: Experimental Observations

MOHAMED A. EL-RAYES anD FAWWAZ T. ULABY, FELLOW, IEEE

Abstract—This is the first paper in a two-part sequence that evalu-
ates the microwave dielectric behavior of vegetation material as a func-
tion of water content, microwave frequency, and temperature. Part |
presents experimental measurements of the dielectric spectrum from
0.2 to 20 GHz for various types of vegetation material including leaves,
stalks, and trunks at various meisture conditions. The measurements
were acquired using a coaxial probe technique suitable for measuring
the dielectric constant of both thick materials, such as tree trunks, and
thin materials, such as leaves.

In Part II, the experimental data are used to guide the development
of a dual-dispersion dielectric model that incorporates the dielectric
properties of water in both ‘‘free’’ and ‘‘bound’’ forms.

I. INTRODUCTION

HE DIELECTRIC properties of vegetation material

play a central role in the coupling between the elec-
tromagnetic properties of a vegetation canopy and its
physical properties. The dielectric constant of a leaf, for
example, is governed by its water content and salinity. In
turn, the dielectric constants, shapes, and orientations of
the vegetation elements together control the scattering and
emission by the canopy. Despite its fundamental impor-
tance, however, the dielectric behavior of vegetation is
not well understood, particularly in the microwave re-
gion. This is attributed to two factors: 1) very few micro-
wave measurements of the dielectric constant e of vege-
tation have been reported to date, as reviewed in [1], and
2) the dielectric mixture models currently in use [2] to
relate the dielectric constant of vegetation to the dielec-
trics of its constituents—the bulk vegetation material and
liquid water—are quite simplistic in form and capable of
providing approximate estimates at best.

The purpose of the present study is to: 1) use a broad-
band measurement technique to document the dielectric
behavior of vegetation material over a wide frequency
range, 2) examine the temperature dependence of ¢, and
3) develop a dielectric dispersion model based on the
physical properties of the vegetation constituents. To this
end, coaxial probes were developed and used in conjunc-
tion with a reflectometer system to measure the dielectric
constant of both thin (such as leaves) and thick (such as

Manuscript received February 24, 1987; revised June 2, 1987. This work
was supported by thé NASA Goddard Space Flight Center under Contract
NAG 5-480.

The authors are with the Radiation Laboratory, Department of Electrical
Engineering and Computer Science, The University of Michigan, Ann Ar-
bor, MI 48109-2122.

IEEE Log Number 8716095.

trunks) vegetation samples over the range 0.2-20 GHz.
The results are presented in a two-part series: Part I, this
paper, describes the measurement system, proposes a
technique for measuring the dielectric constant of thin
slabs, and presents dielectric spectra for several vegeta-
tion types and plant parts under a variety of moisture and
temperature conditions. In Part II, which follows, a new
double-dispersion mixture model is proposed and its per-
formance is evaluated in terms of some of the data pre-
sented in this paper.

II. MEASUREMENT SYSTEM

The dielectric data reported in this study are based on
measurements of the amplitude and phase of the reflection
coefficient of a coaxial probe terminated in the material
under test. The system (Fig. 1) consists of a swept RF
source, a network analyzer (HP 8410C), and associated
couplers and data processing instrumentation. Fig. 2(a)
shows a cross section of the probe tip and the dimensions
of two of the probes used in this study. The operation of
open-ended coaxial lines to measure the dielectric con-
stant of unknown materials is well-documented in the lit-
erature [3]-[5]. The input reflection coefficient at the
prober tip p is given by

_L-%_%-Y
Z,+2Z Yo+

p (1)
where Y = 1/Z, Z, is the line impedance, and Z, is the
load impedance, which is governed by the geometry of
the probe tip and the dielectric constant of the material it
is in contact with or immersed in (for liquid materials).
In general, an open-ended coaxial line may be described
by an equivalent circuit of the form shown in Fig. 2(b).
When placed in contact with a homogeneous material
whose thickness is sufficient to simulate a slab of infinite
electrical thickness, an open coaxial line has an admit-
tance Y; (w, €) given by

Yi(w, €) = Yi(w) + Y(w, €) (2)

where Y;(w) = jwC; is the ‘‘internal’’ admittance corre-
sponding to the fringing capacitance C; that accounts for
the fringing field in the Teflon region between the inner
and outer conductors of the line. The ‘‘external’’ admit-
tance Y,, which is a function of both w and the complex
dielectric constant ¢ of the material under test, consists of
a frequency-dependent capacitor C(w, €) in parallel with

0196/2892/87/0900-0541$01.00 © 1987 IEEE
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a radiation conductance G(w, €)
Y.(w, €) = jwC(w, €) + G(w, €). (3)

The capacitor C(w, ¢) represents the fringing field con-
centration in the dielectric medium (e) surrounding the
probe tip, and the conductance G(w, €) represents the ra-
diation into the dielectric medium.

When the medium surrounding the probe tip is free
space (i.e., an open-ended line), these two equivalent-cir-
cuit elements vary according to [3]}, [6, p. 213]

Clw, ) =C + Bw* (4)
G(w, ) = Aw* (5)

where C,, B, and A are constants for a given probe-tip
geometry. If the radial dimensions of the coaxial line
(namely, r, and r,) are small compared to the wavelength
\, computations using the expressions given in Marcuvitz
[6] yield values for A and B that are sufficiently small that
the external admittance may be approximated as Y, (w, €)

= jwCy. If the dielectric constant of the medium sur-
rounding the probe tip is not the free space value ¢;, how-
ever, the above simplification may lead to unacceptably
large errors. Hence, in the general case we have

Y.(w, &) = jw(Cy + Bw?) + Aw®. (6)

According to the theorem developed by Deschamps [7],
the input admittance of an antenna immersed in a medium
of complex dielectric constant € is related to the input ad-
mittance in free space through

€ €
Y (w,€) = ’;} Y. \w o €
0

The above expression is for materials characterized by u
= po. If we regard the open-ended coaxial line as an an-
tenna and henceforth abbreviate the relative dielectric
constant ratio e /€y as simply ¢, we can write the following
expression for the total input admittance of the probe when
placed in contact with a material of relative dielectric con-
stant e:

Y (w, €) = jwC; + jwCoe + jbu’e® + Aw'e®>.

(7)

(8)

With the line admittance Y, known, measurements of the
amplitude and phase of p by the network analyzer system
(Fig. 1) lead to a measurement of Y;. The next step is to
determine e from Y;. This is accomplished by 1) calibrat-
ing the measurement probe in order to establish the values
of the constants C;, Cy, B, and A, and 2) developing an
iterative program for finding a value for e that minimizes
the error between the measured value of Y; and the value
calculated from the expression on the right-hand side of

(8).

A. Usable Frequency Range

The radii r, and r, of the coaxial line govern three im-
portant characteristics of the dielectric measurement sys-
tem:

1) The ratio r, /r, determines the characteristic imped-
ance Z; of the line. For 50-Q Teflon-filled lines, this ratio
is approximately 0.3.

2) The difference (r, — r;) determines the cutoff wave-
length of the TM modes (6, p. 74]; the cutoff wavelength
of the TMy, modes is A, = 2(r, — ry). Table I provides
a list of the dimensions and cutoff wavelengths of four
standard coaxial lines used in this study. For a medium
with a complex dielectric constant e = ¢’ — je”, the wave-
length in the medium X, is related to the wavelength in
free space \g by

' ’1/2

A = xo{fz- (1 + sec 5)] (9)

where 6 = tan~! (¢” /€'). To avoid the propagation of
TM modes, the condition A, < A. should be satisfied.
Table II provides values of A, for distilled water at a se-
lected set of frequencies. If we regard distilled water as a
material whose dielectric properties represent the upper
end of the range of dielectric values of materials to be
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TABLE 1
DIMENSsIONS AND CUTOFF WAVELENGTH A FOR THE TM,, MoDE For FOUR
STANDARD-SiZE COAXIAL CABLES

Type

Cabie ra(mm) ry(mm) rolry kc(mm)
0.09" Teflon 084 0.26 3.28 1.18
0.14° Teflon 1.50 0.46 3.30 213
0.25" Teflon 2.66 0.82 3.22 3.76
0.357 Teflon 362 112 322 5.07

TABLE II

WAVELENGTH IN DISTILLED WATER AT 22°C

{(GHz) 1.0 2.0 40 60 90 100 200 300 400

(Ag)e(mm) 337 169 11.7 5825 405 370 221 1.75 1.49

tested, then both the 0.14-in probe and the 0.085-in probe
are appropriate for measuring the dielectric properties of
vegetation materials at frequencies below 20 GHz.

3) The probe translates variations in the dielectric con-
stant of the test material into variations in the measured
amplitude py and phase ¢ of the reflection coefficient (i.e.,
p = poe"’). The variation in the measured phase depends
on ¢” as well as ¢’. However, the effects of ¢” on A¢ are
of less importance compared to the effects of ¢’ [5]. The
phase sensitivity to ¢’ may be defined as

o _ <30

Sc’ ¢ af ' ( 10)
and similar definitions may be given for the phase sensi-
tivity to €” and the amplitude sensitivities to ¢’ and ¢”.
For a material with known ¢’ and ¢”, it is possible to
choose the probe size to optimize the measurement sen-
sitivities, and hence the measurement accuracy [5]. In
general, however, if the probe is to be used to measure ¢
for a variety of different materials, it is advantageous to
use the largest possible probe because the phase and am-
plitude sensitivities generally increase with increasing
probe dimensions.

As a compromise between the need to operate over a
wide frequency range extending up to 20 GHz—which re-
quires the use of probes with small radii—and the need to
have strong sensitivities to variations in €’ and ¢”, which
requires the use of probes with large radii, we used the
0.141-in probe for making measurements from 0.7 to 20
GHz and the 0.25-in probe for measurements from 0.1 to
2 GHz.

B. Calibration

Calibration entails finding the values of the constants
C;, Cy, B, and A of (8) for each probe used in this study.
Under ideal circumstances, one needs to determine these
constants only once and at only one frequency. The
equivalent-circuit model, however, is only approximate;
hence, it is necessary to determine these constants at each
frequency that the probe is intended to be used. For ex-
ample, it was found that the constant A varies approxi-
mately at 1/w, which means that the conductance term
G(w) varies as w°, not w*.

Each dielectric probe was calibrated by measuring the
complex reflection coefficient under four termination con-
ditions: 1) short circuit, 2) open circuit, 3) probe im-
mersed in distilled water, and 4) probe immersed in meth-
anol. Distilled water and methanol were used because their
dispersion spectra are well known [8], [9].

Numerous tests were conducted to evaluate the mea-
surement accuracy and precision of the dielectric system.
An example is shown in Fig. 3 that compares the mea-
sured dielectric spectrum of butanol to its theoretical re-
laxation spectrum as reported in the literature [10]. The
measured values of € are in good agreement with the cal-
culated spectrum. Based on this and other tests for both
liquid and solid samples, the coaxial probes were found
to have a relative accuracy of 5 percent for ¢’ and 10 per-
cent for e”.

C. Thin-Sample Measurements

In the preceding discussion, the sample under test was
assumed to be electrically infinite in depth. To evaluate
the effective penetration depth of the probe, experiments
were conducted for slabs of various thicknesses. Fig. 4 is
an illustrative example of the results obtained using the
0.141-in probe; three curves are shown, one depicting the
permittivity of paper when measured against a metal
background (but calculated as if the paper layer were in-
finitely thick), another measured and calculated in a sim-
ilar fashion but with Plexiglas as the background, and a
third (dashed curve) measured for a very thick stack of
papers (representing the true value of ¢’). We observe that
the curves corresponding to the measurements for paper-
over-metal and paper-over-Plexiglas approach the third
curve to within Ae’ = 0.1 when the thickness exceeds 3
mm. These results are based on measurements made for
a low-loss material (paper) at 1 GHz. At higher frequen-
cies and/or for lossier materials, the effective penetration
depth was found to be significantly less than 3 mm. Ad-
ditionally, the probe size also is a factor; as a rule of
thumb, it was found that the sample thickness should be
at least equal to, and preferably larger than, the radius of
the probe’s outer conductor.

The 3-mm thickness requirement is easy to satisfy for
many materials but not for naturally thin materials such
as a single leaf of vegetation. Typical leaf thickness is
about 0.1 mm, thereby necessitating that a stack of 30
closely packed leaves be formed for making the dielectric
measurements. It is important that the stack be under suf-
ficient pressure to ensure that no air gaps are present be-
tween adjacent leaves.

An alternative technique was developed that allows di-
rect measurements of thin materials. Suppose the probe is
used to make a measurement of the input admittance when
it is terminated with a thin dielectric slab of thickness d
placed against a background consisting of an electrically
thick material with dielectric constant ¢,. Suppose that a
second measurement is made using the same thin dielec-
tric slab, but this time placed against a different back-
ground of dielectric constant ¢;. Let us denote these mea-
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surements Y;, and Yj,, respectively. Fig. 5 shows the
prescribed arrangement with the first background material
chosen to be a metal block. If the arrangement is treated
as a transmission line problem, it is easy to express Y7, in

ya d N
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’ _)D
Yir or Yo Y E] Yyor Y
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ﬁ
/""r\ > r -
Probe \'E field Probe | — € field
|/
<*~
\
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of material of material
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Fig. 5. Probe technique for measuring the dielectric of thin slabs; (a)
transmission-line equivalent circuit of the configurations shown in (b).

terms of the unknown admittance of the thin slab Y;, the
terminating admittance Y, of the material with dielectric
€1, and the propagation function yd of the thin slab (where
v is the propagation constant of the slab material and d is
its thickness). Similarly, Y7, can be expressed in terms of
Y,, Y,, and vd. If we eliminate yd from the two expres-
sions and choose Y, = o (metal background), we obtain
the simple expression

Y, = [YuTp + (¥, - Y'Lz)]l/z- (11)

In the above expression Y; represents the characteristic
admittance of the thin slab, which is the load admittance
that the probe would measure had the slab been infinitely
thick.

The validity of this semi-empirical approach was eval-
uated over a wide range of frequencies for a wide range
of dielectric values. In all cases the two materials used for
background were metal and Plexiglas. The evaluation
consisted of comparing ey, as measured directly for a
very thick slab with ey, as measured for a very thin slab
of the same material following the approach described
above. The technique was ‘found to yield satisfactory re-
sults as demonstrated by the comparison shown in Fig. 6
for 8 GHz. Similar results were obtained at other fre-
quencies.

D. Sample Preparation and Handling

Solid samples are difficult to measure with the open
coax method because the apparent reflection often de-
pends on the quality of contact between the probe and the
sample. Surface preparation of solid samples must be done
very carefully to insure that no air gaps remain where the
probe is applied. With rocks, the surface should be pol-
ished smooth prior to measurement. With semi-solid bo-
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tanical samples, excess pressure from the probe can crush
the cellular structure beneath the probe, thereby changing
the dielectric properties of the material being measured.
In the present investigation, a pressure gauge was used to
insure that the pressure was sufficient to result in good
contact between the probe and the botanical sample but
not too strong to crush the sample.

III. ExaMPLES OF DIELECTRIC MEASUREMENTS

Over the past two years, the dielectric probe has been
used to measure the dielectric spectra of many types of
vegetation material under a variety of conditions. A few
illustrative examples are presented in this section.

A. Balsam Fir Tree Trunk

The dielectric spectrum shown in Fig. 7(a) was mea-
sured by placing the dielectric probe against a flat cross
section of a trunk section of a balsam fir tree. The volu-
metric moisture M, of the wood was calculated from
weight measurements (prior to and after oven drying) and
density determination to be 0.17. Measurements made for

9

other trunk samples have ranged from around 0.1 for nat-
urally dried wood to about 0.6 for freshly cut trunks. Cor-
respondingly, the dielectric spectra vary over a wide range
of values; at 5 GHz, for example, ¢’ varies from a low
value of 3.5 to a high value of 20.

B. Poplar Tree Trunk

An experiment was conducted to evaluate the radial
variation of the dielectric constant of freshly cut tree
trunks. An example of the results is sketched in Fig. 7(b)
in the form of five concentric rings. Each ring contains
the average dielectric constant (of 16 sample measure-
ments made at different locations within that ring) and its
average gravimetric moisture content. We observe that ¢
decreases from 32-j 8 at the center to 8-j 1 at the outermost
ring; actually, the measurements for this outermost ring,
which consisted of the tree bark, were made from the side
rather than from the top. The gravimetric moisture con-
stant, on the other hand, is essentially the same for all
rings. The radial variation of e is attributed to variation in
volumetric moisture content M,, which is related to the
gravimetric moisture constant Mg through

1 - Mg(1 - p)

(12)

where p is the dry density of the soil material. For a fixed
value of Mg, M, increases with increasing p. For many
types of trees, including the poplar variety, the density of
the trunk material is highest at the center and decreases
radially outward. In all physically based dielectric mix-
ture models [8], the concentration parameters driving the
model usually are the volume fractions of the constitu-
ents, not their weights.

C. Aspen-Leaves

Three sets of spectra are presented in Fig. 8, corre-
sponding to leaves of aspen measured at three gravimetric
moisture conditions ranging from 0.20 to 0.86 by wet
weight. The spectra cover only the 1-8.5 GHz range be-
cause they were made before the system’s frequency range
was expanded to 20 GHz.

D. Corn Leaves and Stalks

Fig. 9 presents a family of dielectric spectra for com
leaves, measured at several gravimetric moisture condi-
tions extending from 0.83 (freshly cut) down to 0.08. The
data were used in the development of the models dis-
cussed in Part II. Similar dielectric data were measured
for corn stalks and found to exhibit a moisture dependence
very similar to that exhibited by the dielectric constant of
leaves.

E. Corn Stalk Fluid

Pressure techniques were used to extract samples of the
fluids contained in some of the vegetation materials ex-
amined in this study. Fig. 10 shows the spectrum mea-
sured by the dielectric probe for a fluid sample extracted
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IV. TEMPERATURE VARIATION

from a freshly cut com stalk. Also shown is a theoretical
spectrum calculated for a slightly saline water with a sa-
linity of 7 percent. The expressions used are due to Sto-
gryn [11] and are available in Ulaby et al. [8]. Overall,
the measured spectrum is in very good agreement with the
calculated spectrum. The deviation between the measured
and calculated curves of ¢” above 12 GHz is attributed to
multimode propagation.
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To evaluate the variation of ¢ with temperature for veg-
etation material, use was made of a temperature chamber
capable of operating over a wide range of temperatures
both above and below freezing. A 2-m coaxial cable was
used to connect the network analyzer system to the open-
ended coaxial probe (which was placed inside the cham-
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ber) through a special conduit in the wall of the chamber.
The curves in Fig. 11 depict the variation of the dielectric
constant of a corn leaf observed as the temperature was
slowly lowered from room temperature at 23°C down to
—32°C. Our initial expectation was that the water in the
leaves would freeze at a temperature somewhere between
0 and —1°C because its salinity is on the order of 5%o
(the freezing temperature of liquid water with such a sa-
linity is —0.3°C). The results shown in Fig. 11 suggest
that the fluid in the corn leaf goes through a supercooling
state down to about —6°C and then it freezes instanta-
neously.

This temperature behavior was explored further by
measuring ¢ as a function of temperature during three con-
secutive half-cycles, as shown in Fig. 12. At the start of
the experiment, the sample was at 22°C; a freezing half-
cycle was conducted during which the temperature
dropped down to —32°C; the temperature was then raised
slowly up to +3°C (this half cycle is labeled ‘‘thawing’’
in the figure); and finally in the last half-cycle the tem-
perature was made to drop again to well below freezing
(ending at —15°C). There are two major observations
worth noting. First, at the end of the first full cycle when
the temperature reached +3°C, the dielectric constant was
(23-j13), compared to approximately (35-j21) at the
same temperature during the first half-cycle. This differ-
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ence in level is partly explainable by the loss of moisture
during the thawing cycle; the moisture content was 0.83
at the start of the experiment and 0.78 at the end of the
first full cycle. Second, e exhibits a hysteresis-like effect
as a function of the temperature 7. This behavior, which
was observed in this and numerous other experiments
conducted for plant material at various levels of moisture
content, may be related to the occurrence of some damage
of the leaf cells due to water crystallization, but no ade-
quate explanation is available at this time.
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V. CONCLUSION

The coaxial probe technique proved to be an extremely
useful tool for making broad frequency dielectric mea-
surements of vegetation material. Compared to the wave-
guide transmission technique used previously by one of
the authors [1], the coaxial probe technique is far more
accurate, more convenient to use, and an experiment that
used to require a full week of work to conduct with the
waveguide system now can be completed in about 30 min.
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Already, the coaxial probe employed in this study has ac-
quired more microwave dielectric data of vegetation ma-
terial than all other previously published reports com-
bined.
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Microwave Dielectric Spectrum of Vegetation—
Part II: Dual-Dispersion Model

FAWWAZ T. ULABY, reELLow, IEEE, AND MOHAMED A. EL-RAYES

Abstract—This paper is the second in a series evaluating the micro-
wave dielectric behavior of vegetation material. It draws upon the data
presented in Part I to develop a Debye-Cole dual-dispersion dielectric
model consisting of a component that accounts for the volume fraction
occupied by water in free form and another that accounts for the vol-
ume fraction occupied by the mixture comprised of water molecules
bound to bulk-vegetation molecules. To determine the dielectric dis-
persion properties of the latter, measurements were made for sucrose-
water solutions of known volume ratios. The proposed dielectric model
is found to give excellent agreement with data over a wide range of
moisture conditions and over the entire 0.2-20 GHz range examined
in this study.

I. INTRODUCTION

PART I of this two-part series, we described the ex-
perimental system used for making wide-band dielectric
measurements and presented sample data to illustrate the
nature of the variation of the dielectric constant of vege-
tation matenal ¢ as a function of several physical and elec-
tromagnetic parameters. The present paper draws upon the
data obtained in this program to develop a dielectric mix-
ing model for vegetation.

Available models for the dielectric constant of vegeta-
tion treat the vegetation as a simple mixture of bulk veg-
etation and water [1], [2], with the water sometimes sub-
divided into a bound-water component and a free-water
component [2]. Bound water refers to water molecules that
are tightly held to organic compounds by physical forces,
and free water refers to water molecules that can move
within the material with relative ease.

In these models the free-water component is assigned
the dielectric dispersion properties of bulk water and the
bound-water component is assumed to have dielectric
properties similar to those of ice. As will be demonstrated
in this study, bound water exhibits a dielectric behavior
far different from that of ice, and this difference is re-
sponsible, in part, for the shortcomings of previously
published dielectric models for vegetation [1], [2].

II. DIELECTRIC SPECTRUM OF WATER

Direct dielectric measurements of oven-dried samples
of various types of vegetation material, which henceforth
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was supported by the NASA Goddard Space Flight Center under Contract
NAG 5-480.

The authors are with the Radiation Laboratory, Department of Electrical
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shall be referred to as bulk vegetation material, give th
following results:

1.5 ¢ <20
e < 0.1

for 0.5 < f < 20 GHz. Although these measuremer
were made at 22°C, there is no reason to expect ¢, to ha
a temperature dependence.

In contrast to the nondispersive behavior of the bu
vegetation material, bulk water is highly dispersive at ir
crowave frequencies because its dielectric relaxation fr
quency f lies in the microwave band. More specificall
fo of pure (distilled) water is equal to 9 GHz at 0°C a
increases nonlinearly with increasing temperature to
GHz at 20°C, and to higher frequencies at correspon
ingly higher temperatures.

The fluid contained in vegetation material may be e
tracted from the material by suction. To extract a certa
amount of fluid, the differential pressure that needs to |
applied is far greater for a relatively dry piece of veget
tion than for a fresh leaf. This is because for the relative
dry leaf, the contained water is tightly bound to the bu
vegetation material, whereas for the fresh leaf some of tl
water is almost totally ‘‘free.”’

An isolated water molecule possesses a permanent ele
tric dipole moment. If an electric field is applied, the mc
ecule will orient itself such that its dipole moment
aligned with the field. The orientation response to an i
finitely fast step variation of applied electric field is cha
acterized by an exponential function of the form e:
( —t/7) with time constant 7. This time constant is call

_the relaxation time and is governed by the interaction

the H,0 molecule with its environment and by the ter
perature T. If the water molecule is under the influence
nonelectrical forces, such as physical forces, its respon
to an applied electric field is impeded by these force
which has the equivalent effect of increasing the relax
tion time 7. Hence, 7 of a bound-water molecule shou
be much longer than that of a free-water molecule. Cc
respondingly, the relaxation frequency f, = (2x7)"' o
bound-water molecule should be much lower than that
a free-water molecule.

To provide the background necessary for the model ¢
veloped in Section III, we shall now give a brief revic
of the dielectric properties of free water (assumed to
the same as those of bulk water) and bound water. In ge

0196/2892/87/0900-0550$01.00 © 1987 IEEE
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eral, free water may contain dissolved salts; hence, our
review will consider the case of saline water.

As mentioned earlier, the dielectric properties of bound
water are not well understood, and because bound water
molecules cannot exist in bulk, it is not possible to mea-
sure their dielectric properties directly. Hence, special ex-
periments were conducted, as discussed in Section II-B
below, to measure and model the dielectric spectrum of
bound water-host mixtures.

A. Free Water

The relative dielectric constant of bulk saline water is
given by the Debye equation [3, pp. 2022-2025]

efx - Efm

' - _ g = 1
T (h) (1)
" o (f/f}O)(efs - ffoe) o
& = 1+ (f/}}o)2 + Treof (1b)

The subscript f denotes free water, &, and ¢y, are the static
and high-frequency limits of ¢/, ¢, = 8.854 X 1072 F -
m™' is the permittivity of free space, fis the frequency in
hertz, and o is the ionic conductivity of the aqueous so-
lution in siemens per meter. For computational purposes,
€r Usually is taken equal to 4.9 and treated as indepen-
dent of both the temperature T and salinity S of the solu-
tion. The salinity is defined as the total mass of solid salt
in grams dissolved in 1 kg of solution and is expressed in
parts per thousand (%o) on a weight basis. The other pa-
rameters of the dispersion equation, ¢, and f;o, are func-
tions of both T and S and are given by empirically gen-
erated polynomial functions [4]. For pure water (S = 0)
at T = 0°C, these functions yield ¢, = 87.1 and f;o = 9
GHz.

For § < 10%o0 and T = 22°C (room temperature), (1)
may be approximated as

—ag+—2 ;1 2)
ARG I T R
where f is in gigahertz and ¢ may be related to S by
o = 0.165 — 0.0013S* §-m™". (3)

B. Bound Water

From the standpoint of dielectric theory, a water mol-
ecule is considered to be in the ‘‘bound’’ condition if its
response to a suddenly applied electric field is inhibited
as a result of some force acting upon it. Although we know
that when a water molecule is in the bound condition its
relaxation time 7 becomes longer than when in the free
state, we have no relationships by which we can quanti-
tatively link the type of force and its magnitude to the
increase in 7. In order to study the dielectric properties of
bound water as they pertain to vegetation material, we
have chosen to conduct dielectric measurements for su-
crose-water mixtures. Sucrose was chosen because 1) it is
a good example of the organic substances present in veg-

etation and 2) the binding arrangement of sucrose-water
molecules is well known, which allows us to compute the
bound water concentration in any given mixture. A su-
crose molecule can bind to six water molecules, and the
molecular weights of sucrose and water are 342.3 and
18.0, respectively. Hence, in a sucrose-water mixture in
which the number of water molecules is equal to six times
the number of sucrose molecules, the mass ratio of bound
water to sucrose is given by

Why 18.0 6
R=-———= ——— = —_
== 6 (553) = (55)

The volume fractions of sucrose and bound water are

(4)

Vs = ppw (Ppw + Ro;) ™ (5)
= (1+Rp,)”" (5a)

and
Upw = 1 - Uy (6)

where p, = 1.58 g - cm ™ is the bulk density of sucrose
and p,, = 1 g - cm™* was used in (5) to obtain (5a).
These values lead to v, = 2v,, = 0.667.

Dielectric measurements were conducted from 0.1 to
20 GHz for a sucrose-water solution at room temperature
(22°C). The data was fitted to a Cole-Cole dispersion
equation of the form

€ps — €poo
U+ (if/fo) °

where €, €, %, and f,o have the same definitions given
earlier in connection with (2), and « is a relaxation pa-
rameter. Fig. 1 compares the measured dielectric spec-
trum with that calculated according to the Cole-Cole equa-
tion. The parameters of the Cole-Cole equation were
selected to optimize the fit of the model to the data. Their
values are €,, = 2.9, ¢, = 57.9, f,o = 0.18 GHz, and
a = 0.5, which result in

(7)

€p =Bboo +

.\ 55
1+ (jf/0.18)""

The data fit the model exceptionally well; the linear cor-
relation coefficient between ¢;, (measured) and ¢;, (calcu-
lated) is 0.99, and the same is true for ¢, . Cole-Cole plots
of (2) and (8) are shown in Fig. 2.

The values of ¢,, and ¢, are not markedly different
from the corresponding parameters for free water: at T =
22°C, ¢/ = 4.9 and €7, = 80. The relaxation frequency,
on the other hand, is lower by two orders of magnitude;
»0 = 0.18 GHz compared to f;o = 18 GHz at T = 22°C.
Another important difference is the magnitude of «, which
is equal to 0.5 for the bound-water sucrose solution, com-
pared to zero for free water. The parameter o governs the
shape of the dispersion spectrum.

(8)

€y = 29

[1I. DieLECTRIC MODEL FOR VEGETATION

In previous dielectric models for vegetation [1], (2], the
vegetation-water mixture was treated as an inhomoge-
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responds to a salinity § = 8.5%o (from (3)). The addi-
tional result that ¢ was found to be approximately con-
stant with M, suggests that the amount of salt dissolved
in the free-water solution increases with increasing M, at
exactly the same rate that vy, increases with M,.

IV. CoMPARISON WITH DATA

The model defined by (10) and the auxiliary relations
given by (14)-(17) was evaluated by comparing it with
spectral data measured for corn leaves at specific moisture
contents and with data measured as a function of moisture
content at specific microwave frequencies. Typical ex-
amples of these two types of comparison are given in Figs.
7 and 8. The spectral data in Fig. 7 were selected to il-
lustrate the comparison between theory and experiment at
a high moisture content of 0.68, an intermediate value of
0.26, and a low value of 0.07. The dielectric variation
with M, is illustrated in Fig. 8 at frequencies of 1.0, 4.0,
and 8.0 GHz.

Statistical analysis of the 624 available measurements
against the values predicted by the model gives a linear
correlation coefficient of 0.99 for both ¢, and ¢, , and the
estimated mean square error is 1.0 for ¢, and 0.3 for ¢, .

Overall, the model appears to provide an excellent fit
to the data and is far superior in that respect to any of the
traditional vegetation dielectric models used in the past.
This statement is based on a detailed evaluation {5] of
several empirical and theoretical models including the
Polder-Van Santen mixing formulas [6], the De Loor
model [7], the semi-empirical model due to Birchak et al.
[8], and others [5]. The model also provides a physical
interpretation of how water in plant material is distributed
between free and bound.

A possible shortcoming of the model is the fact that it
was developed using data for only one material: com
leaves. On the other hand, evaluation of the model against
data measured for corn stalks, soybean leaves, aspen
leaves, balsam fir trunk, potatoes, apples, and other types
of vegetation material has revealed the following:

1) Fore,, the value predicted by the model (as defined
by (10) and the associated expressions given by (14)-(17))
agrees with the measured value within +20 percent of the
measured value.

2) Fore,, the relative error is within +20 percent also,
but only at frequencies above 5 GHz. This is due to sa-
linity variations, which become unimportant when f = 5
GHz. If the salinity is known and used to compute ¢ ac-
cording to (3) and the latter is used in (10), the +20-
percent relative error may be extended down to 0.5 GHz.

3) If both the gravimetric moisture M, and the density
of the vegetation material are known and used to compute
M, through (19), the +20-percent relative error may be
reduced to +5 percent by using expressions for ¢,, vy,,
and v, that are based on M, instead of M,. These expres-
sions are

e = 1.7+ 32M, + 6.5M? (20)
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Urw = M,(0.82M, + 0.166) (21
vy = 3L4MEL/(1 + 59.5M2). (22

Moreover, the model becomes equally applicable tc
woody material such as tree trunks and branches.

Ix_] summary, the dielectric model given by (10) and the
auxiliary equations (20)-(22) provides a good estimate o
¢, for leaves, stalks, branches, and trunks. If the dry den
sity p is unknown, the auxiliary equations given by (14)-
(16) may be used instead, but the relative error will be a
much as 20 percent for leaves and stalks and much large
for material with densities markedly different from the
0.33-g - cm ™~ value implicit in the expressions (14)-(16)
Similar statements apply to e, provided a reasonable es
timate of the salinity S is available to use in (3) in orde
to compute ¢.

V. CONCLUSIONS

Examination of measured dielectric spectra for vege
tation material led to the development of a Deybe-Col
dual-dispersion model consisting of a Debye relaxatio:
term representing the free water contained in the vegeta
tion material and a Cole relaxation term with a relaxatio
parameter o« = 0.5 representing the bound water-bul
vegetation mixture. The model provides an excellent fi
to the measured data and has led to the development of
physical model for the distribution of water in vegetatio
between free and bound forms.
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Technique for Measuring the Dielectric Constant of
Thin Materials

KAMAL SARABANDI anp FAWWAZ T. ULABY, FELLOW, IEEE

Abstract—A practical technique for measuring the dielectric con-
stant of vegetation leaves and similarly thin materials is presented. A
rectangular section of the leaf is placed in the transverse plane in a
rectangular waveguide, and the magnitude and phase of the reflection
coefficient are measured over the desired frequency band using a vec-
tor network analyzer. By treating the leaf as an infinitesimally thin
resistive sheet, an explicit expression for its dielectric constant is ob-
tained in terms of the reflection coefficient. Because of the thin-sheet
approximation, however, this approach is valid only at frequencies be-
low 1.5 GHz. To extend the technique to higher frequencies, higher
order approximations are derived and their accuracies are compared
to the exact dielectric-slab solution. For a material whose thickness is
0.5 mm or less, the proposed technique was found to provide accurate
values of its dielectric constant up to frequencies of 12 GHz or higher.
The technique was used to measure the 8-12-GHz dielectric spectrum
for vegetation leaves, Teflon®, and rock samples.

I. INTRODUCTION

OMPTED BY THE need for a practical technique
for measuring the microwave dielectric constant of
vegetation leaves, solutions were sought for the voltage
reflection coefficient measured at the input of a rectan-
gular waveguide containing a thin slab placed in a plane
orthogonal to the propagation direction (Fig. 1). The slab
is modeled in Section II as a resistive-current-sheet [1],
[2], which has proved to be an excellent approach for
characterizing the radar-cross-section of a vegetation leaf
over a wide range of moisture conditions (and a corre-
spondingly wide range of the relative dielectric constant
€).

To evaluate the accuracy of the technique for measuring
the real and imaginary parts of ¢ from measurements of
the complex reflection coefficient I', an exact solution for
I" of the slab will be obtained in Section III and then used
to simulate the measurement process for given values of
€. The evaluation is performed in Section IV by compar-
ing the true value of e with that predicted by the resistive-
current-sheet expression. It turns out that the resistive-
current-sheet solution is identical with the zeroth-order
approximation of the exact solution for I'. One of the at-
tractive features of the zeroth-order solution is that it pro-
vides an explicit expression for € in terms of I'.

The evaluation shows that the zeroth-order solution

Manuscript received November 23, 1987; revised May 4, 1988 and May
28, 1988.

The authors are with the Department of Electrical Engineering and
Computer Science, University of Michigan, Ann Arbor, MI 48109.

IEEE Log Number 8823465.

y matched ioad

resistive sheet of
thickness T

Fig. 1. Rectangular waveguide with thin resistive sheet of thickness 7 a
z=0.

provides an excellent estimate for the real part of the di-
electric constant, €', if the slab thickness 7 is sufficiently
small to satisfy the condition 7 < 0.05\, s/m , where A\
is the free-space wavelength. For a typical leaf-thicknes:
of 0.3 mm, this condition is satisfied for any moisture
condition if the frequency f < 15 GHz. A much more
stringent condition on 7 is required in order for the zeroth-
order solution to give accurate values for ¢”; namely 7 <
0.01)\0~/m and ¢" /¢’ = 0.1, or equivalently, f < 1.8
GHz for vegetation leaves. To relax this limitation, alter:
nate solutions for I are obtained in Section III by invok:
ing approximations that lead to first- and second-order so-
lutions whose forms are invertible to explicit expression:
for e. Use of the second-order solution is found to extenc
the frequency range from 1.5-12 GHz for a leaf with :
high moisture content and to higher frequencies for drie
leaves.

Section V presents 8-12-GHz spectra of the dielectric
constant e for vegetation leaves, Teflon and rock slices.
all measured using the technique developed in this paper
Where possible, the results are compared with measure-
ments made by other techniques.

II. MODEL FOR A THIN RESISTIVE SHEET

Consider the rectangular waveguide diagrammed in Fig.
1. The guide is terminated with a matched load, has di-
mensions a X b, and contains a thin resistive sheet of
thickness 7 at z = 0. The waveguide dimensions are such
that only the TE,; mode can propagate in the guide.

We'seek a relationship between the input voltage re-
flection coefficient I' and the relative complex dielectric

0018-9456/88/1200-0631$01.00 © 1988 IEEE
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constant of the sheet material ¢. To this end, we shall
develop expressions for the electric and magnetic fields in
Regions I and II and then apply the appropriate boundary
conditions. If ¥; and yy; are the electric potentials in Re-
gions I and II, respectively, solutions of the scalar Helm-
holtz equation

(V2 + i) ¥ =0
for the TE,, mode leads to [4]

(1)

Y = cos <%>[Cle"k“ + Cze'”‘:z], z=0 (2)

X ;
¢“ CcoS <‘;> . Cgelkzz, z<0 (3)
where a time factor "’ was assumed and suppressed. The
constants C; and C, represent the magnitudes of the in-
cident and reflected waves in Region I, C; represents the
magnitude of the wave traveling towards the matched load
in Region II, and
k- <

The components of £ and H may be obtained from (2)
and (3) by applying the relations [4]

™

a

k.

§
. > = ﬁ VaaT = NL (4)

- . . 1 5
E=-Vx (y2) —iwe(yY2) + — VV .(y2).
wp
(5)
The resistive sheet model [1] treats the sheet in the plane

z = 0 as infinitesimally thin carrying an induced tangen-
tial electric current J that is related to E by

AXAXE= —RJ (6)
where 7 is the surface normal of the sheet (4 = Z in Re-

gion I and i = —Zin Region II) and R is the sheet resis-
tivity

S
k= kr(e -01) (7)

In the above expression, k = 2x /A, 7 is the sheet thick-
ness, 7o is the free-space intrinsic impedance, and

ohms per square meter.

e=¢' — je”

(8)

is its relative complex dielectric constant. The condition
for continuity of the tangential electric field from Region
[ to Region II and the boundary condition for the magnetic
field requires that

¢x(E—E)=0 ¢x(H-Hy)=7J (9)
The unknown coefficients C,, C,, C; can be obtained by
applying the boundary conditions given by (6) and (9).
The complex voltage reflection coefficient is then found
to be
_ Kr(e = 1)

K*r(e — 1) — 2ik,

_G _
I‘—Cl— (10)

19

from which an explicit expression for ¢ is obtained
A
l<-2‘—> vda‘ - \

2ik,T Ta
(1 + 1/T)

-——— =1+
kKr(1 + T) !

e =1

(11)
Thus by measuring the complex reflection coefficient T’
and the sheet thickness 7 we can compute ¢ directly. This
technique can be very useful for measuring the dielectric
constant of vegetation leaves and other similarly thin
slabs. Its success, however, depends on two factors: a)
the ability to measure both the magnitude and phase of I’
accurately, which now is possible with the HP-8510 vec-
tor network analyzer, and b) the validity of the thin-sheet
assumption underlying the derivation that led to (11). To
examine the range of validity of this assumption and to
quantify it in the form of specific limits, we shall first
derive the expression for the reflection coefficient when a
dielectric slab of arbitrary thickness is placed in the wave-
guide, and then compare the exact solution with the so-
lution given by (10) and (11).

III. MODEL FOR A SLAB OF ARBITRARY THICKNESS

The waveguide section shown in Fig. 2 is terminated in
a matched load and contains a dielectric slab extending

from z = 0 to z = —7. The electric potentials in Regions
I, II, and III are

¥, = cos <-?>[C,e"‘“ + Cze'"“z:l, z=z0 (12)

X ‘ »
¥, = cos <-‘-1->{C3e”“" + Cqe "““}, 0=zz= ~7

(13)

¥y = cos <’_"af> < Cse™?, -1 27 (14)
where k, is given by (4) and k,; is given by

k= )\—’; Jaea® — N (15)

__Upon using the relations given by (5) to obtain E and
H in each of the three regions, and then applying the con-
tinuity conditions of the tangential E and H fields at the

boundaries z = 0 and z = —7, we obtain the following
expression for the reflection coefficient:
&
G

=i[(ka/k;)" = 1] sin (ko)
2(’—;:—2> cos (k1) + i[(kzz/kz)2 + 1] sin (k,7)

(16)
We shall refer to (16) as the exact solution for I'.
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matched load

Fig. 2. Rectangular waveguide with a dielectric siab occupying region Il
(betweenz = O0and z = —7).

A. Second-Order Solution
If k.,7 is small and we use the approximations

-~

sin k.,7 = k7 (17a)

(kar)’.

The expressions given by (16) can be simplified to give

L~

oy

(17b)

cos k7

—~

=

C. Zeroth-Order Solution
If e >> 1|, we may use the approximation

).

1 — -
2

because —1 < 1 — $(A/a)’ < 1. Equation (20) then

leads to

1
e —1

2ik,T

7k} (T + 1)

i(\/27xa)V4a® — N2
7(1 + 1/T)

which is identical with the resistive-sheet approximation
given by (11).

é€o§l+

=1+

(22)

IV. SENSITIVITY ANALYSIS

The second-order solution for I', given by (18), was
based on assuming that k,,7 << 1 and on retaining terms
up to and including power of 2 in the series expressions
for sin k,,7 and cos k,,7, as indicated by (17). In the first-

—(e - 1)

1
1 - =

the second-order solution
SN2
(1-3() - m(z

from which we obtain the following explicit expression
for the second-order solution of the relative dielectric
constant:

1(A : . A 2 . 2]
1 - [l - 2~<a> lTkz<2a> 2ik,/Tk* |T

1+ (1 +irk,)T

A

€

n

(19)

B. First-Order Solution

If, instead of the approximation given by (17b), we
were to set cos k,,7 = 1 in (16) (i.e., ignoring second-
and higher order powers of (k,,7)), we would obtain the

~

=

) - 2ikz/7k2> + (1 + itk,)e

(18)

order solution, only the zeroth- and first-order terms were
retained. The purpose of these derivations is to use them
for computing ¢ from measured values of the complex re-
flection coefficient I'. The accuracies of the approximate
expressions given by (19) and (21), corresponding to the
second- and first-order solutions for e, respectively, de-
pends on the magnitude of k,,7. For a standard waveguide
operated in the TE,;, mode, the dimension a is on the or-
der of 3\ /4. Hence,

kor = krNe — (A\/2a) = krve — 4/9.

If we require that k7 Ve be small, then k,, will be smaller
still.

-1

1
1-2

result
[+

which can then be solved to obtain the expression
1 = [1 = (\*/24%) - 2ik,/7k*]T
o= (1 +7T)

for the first-order estimate of e.

&

€

(21)

20

) CRTEre

(20)

The zeroth-order solution (22) is only applicable if € is
sufficiently large to allow the approximation given by (21)
to be used in (20). Hence, for ¢ large, the first- and zeroth-
order solutions should yield comparable results.
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Fig. 3. Relative (a) permittivities €, €;, and €3, and (b) dielectric loss fac-
tors.

To evaluate these approximate expressions for e, we
conducted the following sensitivity analysis. We selected
specific values of the waveguide width a, the wavelength
X, and the relative complex dielectric constant of the slab,
¢. We then computed I" using the exact solution (16). The
computed value of I' was then used in (22), (21), and (19)
to compute the zeroth-, first-, and second-order estimates
of ¢. We denote these ¢, €;, and ¢,.

Our first example of this procedure is Fig. 3 where we
show plots of ¢, €,, and ¢, at 10 GHz as a function of 7
for a slab with true dielectric constant e = 2 — i0.01. We
observe that ¢, ¢;, and ¢; in Fig. 3(a) each provide values
that are within 1 percent of ¢’ for 7 < 1 mm. Among the
three approximations, ¢ is the most accurate, in spite of
the fact that the left-hand side of (21) is equal to 2, rather
than approximately equal to 1 as required by (21). This
insensitivity of I to the first term in the denominator of
(20) is because this term is much smaller than the second
term in the denominator of (20), thereby exercising a mi-
nor influence on the final expression for ¢’.

Measuring ¢' of a material usually is not a difficult
problem, but measuring €” of a low-loss material can be.
The errors associated with using the approximations lead-

21
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Fig. 4. Relative (a) permittivities g, €;, and €3, and (b) dielectric loss fac-
tors.

ing to €7, €7, €5 are shown in Fig. 3(b) in the form of
deviations from the true value ¢” = 0.01. For 7 < 1 mm,
the relative error is 20 percent for €;, 50 percent for ¢f,
and the estimate provided by e; is grossly inaccurate.
Hence, in spite of the result that ¢ provides a good esti-
mate of ¢’, the zeroth-order solution is inadequate for es-
timating €”.

Fig. 4 shows results for a material with ¢ = 20 — i10.
Again ¢; provides an adequate estimate of ¢’ over a wide
range of the thickness 7. For the imaginary part, however,
€5 consistently provides more accurate estimates of ¢” than
those provided by either ¢; or ¢f .

A summary of the relative accuracies of the three ap-
proximations €, €, and ¢, is presented in Table I for slab
thicknesses 7 equal to 1 and 5 percent of Ao/ Vie|. The
entries in the table are the maximum relative errors in per-
cent. For ¢j, for example, the maximum relative error is
defined as

!

’

ey = max x 100

’

where ¢ is the value provided by (22) and €’ is the true
value of the slab permittivity.
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TABLE I
MAXIMUM RELATIVE ERRORS ASSOCIATED WITH THE EXPRESSIONS FOR €9,
€, AND €;; THE QUANTITY ¢; Is DEFINED AS: €5 = max e’ — ¢p/e| X
100 AND SIMILAR DEFINITIONS APPLY FOR THE REMAINING ERROR

QUANTITIES
:J |/ A,=0.01 nﬁe— /1‘, 0.05
Maximum
Error, %
e le e Ie
(o ad 104 t 10 104 t
o 0114 0341 2920 | 3.107 2672  17.08
(]
e,; 182.8 1835 L44S | 9340 9670  10.11
9 0127 0.124 0060 | 3.293 3216 1916
o, 04d a2 0018 | 3OS 26D 277
o2 0068 0062 0029 | 1538 1506 0366
8, 0215 0132 0091 | 1511 3.6 2.8
V. DIELECTRIC MEASUREMENTS

A. Measurement System

A HP-8510A vector network analyzer was used in con-
junction with a HP-8511 parameter test set and a HP-9000
computer (Fig. 5) to measure the amplitude and phase of
the reflection coefficient I' of dielectric slabs placed in a
waveguide sample-holder. The arrangement shown in Fig.
5 consists of a waveguide section connected to the HP-
8511 through a coax-to-waveguide adapter on one end and
to a waveguide section terminated in a matched load on
the other end. A thin piece of styrofoam is placed in the
sample-holder section at a distance 7 from the waveguide
opening (junction between the two waveguide sections)
where 7 is equal to the thickness of the dielectric sample.
Another thin piece of styrofoam is placed on the other side
of the sample (in the empty waveguide section) to keep
the sample in place.

After placing the sample in the waveguide, the network
analyzer is used to measure the complex reflection coef-
ficient over the frequency range of interest. In the present
setup, the frequency coverage is from 8 to 12 GHz.

B. Measurement Accuracy

The accuracy of the dielectric-constant measurement is
critically based upon the accuracy with which the reflec-
tion coefficient ' can be measured. The measurement of
' may contain some random, nonrepeatable errors caused
by system noise and environmental variations as well as
certain systematic errors that are repeatable and, there-
fore, correctable. To correct the systematic errors, the
measurement system is calibrated using three independent
standards whose reflection coefficients are known over the
frequency range under consideration. These include a
short-circuited load, a matched load, and an offset short.
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C. Sample Measurements

The technique described in the previous sections was
used to measure the 8-12-GHz dielectric spectra of three
types of rock materials (each cut in the shape of a thin
slab with a cross-section equal to that of the waveguide’s)
and a thin leaf of vegetation material with a gravimetric
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Fig. 7. Measured relative dielectric constant of a vegetation leaf.

moisture content of 90 percent. In addition, a thin slab of
Teflon with ¢ = 2.0 — j0.005 was measured also. The
results are given in Figs. 6 and 7. The results for Teflon
were found to be in excellent agreement with those mea-
sured for a thick sample for both ¢’ and ¢”. The measured
permittivities of the rock samples are essentially constant
over the 8-12-GHz band (Fig. 6(a)), and for two of the
samples (rhyolite and rhyodlacite) the measured permit-
tivity compares very well with values measured by a
coaxial probe using an approximate reflection technique
[51.

The plots of Fig. 6(b) display €”, the relative dielectric
loss factor for Teflon, and the three rock samples. We
have no reason to expect e of rocks to exhibit a dispersive
behavior in the 8~12-GHz frequency region, and there-
fore, we suspect that the observed variability, particularly
in the 8-9-GHz range, is an artifact of the measurement
system. B

The example shown in Fig. 7 is for a leaf vegetation.
Its gravimetric moisture was 0.9 and its thickness 0.23
mm. The continuous curves represent the values of ¢’ and
¢” measured with the waveguide technique and the circles
represent values calculated using a model [3] with an ac-
curacy of +20 percent. Within this range of accuracy,
both the data and model are in good agreement.

V1. CoNCLUSIONS

The technique presented in this paper for measuring the
dielectric constant of thin slabs is based on measuring the
complex reflection coefficient of the input of a waveguide
section with the slab placed in the transverse plane of the

waveguide. The dielectric constant of the leaf is then cal-
culated from the measured reflection coefficient.

An explicit expression for the dielectric constant is ob-
tained in terms of the reflection coefficient by simplifying
the exact solution for reflection from a dielectric slab using
a thin-sheet approximation. The technique is found to
provide accurate measurements of the complex dielectric
constant for natural materials, including vegetation leaves
and rocks, up to 12 GHz if the thickness is 0.55 mm or
less.

It is worth mentioning that the technique can be ex-
tended to measure the relative permeability by modifying
(12)-(14). Because such a modification results in having
four unknowns, it will be necessary to measure the reflec-
tion coefficient corresponding to two different sample
thicknesses in order to determine both ¢ and p. Alterna-
tively, one can measure the reflection and transmission
coefficients of one sample to realize the same objective.
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Measuring and modeling the backscattering cross section of a leaf
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Leaves are a significant feature of any vegetation canopy, and for remote sensing purposes it is
important to develop an effective model for predicting the scattering from a leaf. From measurements
of the X band backscattering cross section of a coleus leaf in varying stages of dryness, it is shown that
a uniform resistive sheet constitutes such a model for a planar leaf. The scattering is determined by the
(complex) resistivity which is, in turn, entirely specified by the gravimetric moisture content of the leaf.
Using an available asymptotic expression for the scattering from a rectangular resistive plate which
includes, as a special case, a metallic plate whose resistivity is zero, the computed backscattering cross
sections for both principal polarizations are found to be in excellent agreement with data measured for
rectangular sections of leaves with different moisture contents. If the resistivity is sufficiently large, the
asymptotic expressions do not differ significantly from the physical optics ones, and for naturally
shaped leaves as well as rectangular sections, the physical optics approximation in conjunction with the
resistive sheet model faithfully reproduces the dominant features of the scattering patterns under all

moisture conditions.

1. INTRODUCTION

At centimeter wavelengths, a vegetation canopy
consists of scatterers with sizes that span a wide
range of values extending from a fraction of a wave-
length to several wavelengths. The scattering and ex-
tinction properties of an individual scatterer are gov-
erned by its shape, size, orientation, and dielectric
properties. For purposes of modeling the back-
scattering from a forest canopy, the canopy is often
treated as an inhomogeneous layer containing
sparsely distributed, randomly positioned discrete
scatterers [Lang, 1981; Levine et al., 1983, 1985;
Tsang et al., 1984]. The sizes, shapes and orientation
of the scatterers are specified by probability density
functions.

Leaves are a major constituent of many types of
plants, and a knowledge of their scattering and ex-
tinction properties is very important in microwave
remote sensing. Although most leaves are irregular in
shape and are not flat, they are often modeled as flat
circular discs with known radius, thickness, and di-
electric constant [Levine et al., 1983, 1985]. This
brings up the following set of fundamental questions:

1. What formulation might one use to char-
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acterize the backscattering and extinction cross se
tions of a regularly shaped (elliptical or rectangula
flat leaf?

2. How does one relate the radar cross section
to the leaf moisture content Mg?

3. Isit possible to approximate the scattering ar
extinction cross sections of a flat irregularly shape
leaf using the formulations for a rectangular leaf
equal physical area?

4. What is the effect of leaf curvature on its sca
tering behavior?

In this paper we shall address the first tw
questions by proposing a resistive sheet model an
verifying the model with experimental measuremen
conducted for sections of leaves (all cut in the shag
of a rectangle) at various levels of moisture conten
and partially examine the third question by con
paring the scattering pattern calculated for a re
tangular plate with measurements obtained for a
irregularly shaped leaf. Exploration of the effects «
leaf curvature will be the subject of future work.

2. EXPERIMENTAL PROCEDURE

The radar cross section (RCS) measurements r¢
ported in this paper were made at 10 GHz using
small rectangular horn antenna connected to a H:
8510A network analyzer, as illustrated by the sketc
in Figure 1. The horn antenna, whose aperture mea

24



styrofoam

horn antenna
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Fig. 1. Schematic of the RCS measurement system.

sured 6 cm x 6 cm, was located at the throat of a
small anechoic chamber, and the leaf was suspended
from the top by a thin styrofoam cylinder. The center
of the top edge of the leaf was glued to the styrofoam
cylinder which could be rotated to any angle 6 be-
tween the backscattered direction and the normal to
the plane of the leaf.

2.1. System sensitivity and calibration

The HP 8510A is a vector network analyzer capa-
ble of measuring both the amplitude and phase of the
reflected signal (channel b in Figure 1) relative to a
sample of the transmitted signal (channel a in Figure
1). To enhance the measurement sensitivity of the
system, two measurements are made: one for the
background alone, which includes the styrofoam cyl-
inder, and another with the target present. By sub-
tracting the complex signal recorded for the back-
ground alone from that measured in the presence of
the target, significant improvement is obtained in the
target-to-background ratio.

Absolute calibration of the system was achieved by
measuring the cross section o of a metal sphere. Ac-
cording to these measurements, the noise-equivalent
o of the system is about — 80 dBsm. Consequently, in
most cases only data above —60 dBsm was recorded,
which corresponds to a target-to-background ratio of
20 dB or greater.

To test the linearity of the system and establish the
extent of its dynamic range, RCS measurements were
performed for seven metal spheres with diameters
from 0.79 cm to 3.81 cm. The largest sphere was used
to calibrate the system and the other six were used to
evaluate the system accuracy by comparing the mea-

sured RCS with theoretical values computed from
the Mie series. The continuous curve in Figure 2 is a
plot of /A% as a function of D/A for a perfectly con-
ducting sphere of diameter D, and the “stars” repre-
sent the measured data. The rms error, computed for
the six test spheres, is 0.33 dB. °

2.2. Leaf moisture and dielectric constant

The leaf moisture content was determined by mea-
suring its weight immediately after measuring its
RCS, and once again at the conclusion of the experi-
ment. The latter measurement was made after drying
the leaf in an oven at 70°C until equilibrium was
reached. The difference in weight represents the
weight of liquid water that was present in the leaf
when its RCS was measured. The gravimetric mois-
ture content Mg is the weight fraction of water in the
leaf to the total weight.

Using the data measured and the models devel-
oped by Ulaby and El-Rayes [1986] for the dielectric
constant of vegetation, the following simple ex-
pressions were generated to characterize the relative
dielectric constant ¢ at 10 GHz and room temper-
ature (T = 22°C):

¢ = 3.95 exp (2.79 Mg) — 2.25

()
& = 2.69 exp (2.15 Mg) — 2.68

2.3. Types of RCS measurements

Two sets of RCS measurements were conducted.
The first data set involved a leaf that had been cut in

a4 sy

o/\?

@) . ]

-10

i1 A4

D/A

Fig. 2. The calibration accuracy and dynamic range of the
measurement system were evaluated by comparing the measured
RCS of metal spheres (asterisks) with theory.
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the form of a rectangular plate 4 cm x 6 cm in area.
With the long dimension oriented vertically, the cross
section of the leaf was measured as a function of the
angle of rotation 6 about a vertical axis, with 6 = 0
corresponding to normal incidence. Each measure-
ment scan consisted of ¢ versus 6 in 5° steps from
—90° to +90°. Usually, two scans were made, one
with the antenna polarized with the electric vector
vertical (E polarization) and the other with the mag-
netic vector vertical (H polarization). The first data
set consisted of four pairs of scans corresponding to
the rectangular leaf at Mg = 85% (freshly cut), 77%
(a few hours later), 62% (a day later), and 0% (dry).
The data comprising the second set are similar to
those in the first except that the leaf was measured in
its natural state without altering its shape. A profile
is shown in the inset of Figure 7.

Maintaining the leaf flat to within a fraction of a
wavelength was a consistent problem in this phase of
the investigation, particularly for the “naturally”
shaped leaf after it had been allowed to dry for a few
days. Leaf thickness, which was measured using a
micrometer, was found to decrease slowly with time
after cutting as a result of shrinking due to loss of
water. The variation of leaf thickness 7 (mm) with
Mg is given by the empirical expression

t = 0.032 Mg? + 0.091 Mg + 0.075 (2

In addition, it was observed that the drying took
place from the outer edges of the leaf inwards, so that
the moisture content was no longer uniform across
the leaf.

3. THEORETICAL MODEL

3.1. A resistive sheet

A leaf can be viewed as a thin layer (of thickness 1)
of a nonmagnetic dielectric material whose complex
relative permittivity is ¢, and a widely used model for
such a layer is an infinitesimally thin resistive sheet
whose resistivity is

iz

R=m 3

ohms per square. In (3) kK and Z(=1/Y) are the prop-
agation constant and intrinsic impedance, respec-
tively, of the surrounding free space medium, and a
time factor e ‘' has been assumed. When R = 0 the
sheet appears perfectly conducting and when R = o

it ceases to exist
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The sheet is simply an electric current sheet whose
strength is proportional to the local tangential elec-
tric field [Harrington and Mautz, 1975] via the single
measurable quantity R. If n is the unit vector normal
drawn outwards to the upper (positive) side of the
sheet and [ ] denotes the discontinuity across the
sheet, the boundary conditions are

[AxE]t=0 @)

implying continuity of the tangential electric field (a
consequence of the absence of any magnetic current)
and

Ax(ixE)=—RJ ©)

where

is the total electric current supported. In recent years
resistive sheets have been sucessfully employed in
simulating a variety of dielectric structures. Diffrac-
tion effects have been studied analytically (see, for
example, Senior [1979]) and, in addition, computer
programs have been written to determine the field

scattered by resistive strips and plates of arbitrary
shape.

3.2. Scattering by an infinite planar sheet

The scattering properties of a resistive sheet are
most easily understood by considering the simple

_problem of a plane wave incident on an infinite sheet

lying in the plane y =0 of a Cartesian coordinate
system (x, y, 2).

For the case of E polarization in which the inci-
dent electric vector is perpendicular to the xy plane
of incidence, we assume

E‘i - z“ell(x sin 6o — y cos 89) (l 90 | < 7[/2) (7)
implying
H"i = — Y(xA cos 00 + yA sin go)eik(x sin 6o — y cos 69)

The reflected and transmitted electric vectors can be
written as

Er=— z—rE eik(x sin 8o +y cos 8o)
and

E‘t = iTE eik(x sin 80 — y cos 6¢)

respectively, where I'; and T are constants still to be
determined, and by applying the boundary con-



ditions (4)—(6), we obtain
2R -1
Ig= 1+7cos 90) (8)

2R
T = Z cos 6, g 9

The current density J supported by the sheet is J =
2J, with

= 2Y cos 0, e*xsinbo (10)

and recognizing that for a perfectly conducting sheet
I'; = 1, it follows that

J, =T Jx (11)

where the superscript pc refers to the perfectly con-
ducting case.

The analysis for H polarization in which the inci-
dent magnetic vector is perpendicular to the plane of
incidence is very similar. The reflection and transmis-
sion coefficients are

2R -1
Ty =[1+—secé, (12)
VA
and
2R
TH = —Z seC 00 FH (13)

respectively, and the current density J supported by
the sheet is J = XJ, with

Jx = 2rH ei&x sin 0o (14)

Thus

J,=TyJ¥ (15)

If R #0, T’y decreases with increasing 6, and van-
ishes at grazing incidence (6, = *m/2).

3.3. Scattering by a rectangular resistive plate

As a simple model of a leaf we consider a rec-
tangular resistive plate occupying the region
|x| < a/2, |z| < b/2 of the plane y = 0, and seek the
physical optics approximation to the bistatic scat-
tered field. From the expressions (11) and (15) for the
currents on an infinite sheet it is evident that the
analysis is very similar to that for a perfectly conduc-
ting plate, and it is sufficient to summarize the deri-
vation.

For E polarization in which the incident electric
vector is (7), the physical optics approximation to the

current induced in the plate is given in (10). Since
only an electric current is supported, the scattered
field can be attributed to the electric Hertz vector

7i(F) J. J' Jx', Z')
-a/2 J-b/2

where

ekIF=71

dx' dz’
IF—F|

F=nr—xsin 0 + y cos 6) F=xXx'+ 37

and in the far field
e"" i
ﬁ(f) =7 r coOS 9 J‘ dz’ f lkx(lm0+smeo) dx’'
kr 2n -b2 -a/2
e g sin X
=7——abcos 6,
kr 2r
with

ka .
X= 3 (sin 6 + sin 6,)

The scattered electric field is then
eikr
Et =7 — 5S40, 6,)
kr
where the far-field amplitude is

i 5 sin X
S0, 8,) = Z{- k*ab cos 6, ¢ "

(16)

In terms of the far-field amplitude the bistatic scatter-
ing cross section is

2

A
o=—|S (17
T

implying
sin X |?

b
66, 0,) = dn 07 cos 8, T, (18)

For H polarization in which the incident magnetic
vector is in the z direction, the analysis is similar. The
physical optics approximation to the current is (14),
and in the far field the resulting electric Hertz vector
is
sin X

X

eikr lZ
f)=X——a
kr 2n

The scattered magnetic field is then

ikr

e
H* =37 — 540, 0,)
kr
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with
i sin X
S0, 00) = ——k*abcos 6Ty — (19)
2n X

and the bistatic scattering cross section is

sin X |2

ab
a4, 6,) = 4n _).— cos Iy, (20)

In the backscattering direction (6, = 6) the only
polarization dependence is provided by the parame-
ter I and

0eu0,0) =gy Izapc

where o, is the backscattering cross section of the
perfectly conducting plate:

@1

A sin (ka sin 6))?
0, = 4n{= cos § —————— 22)
A ka sin 0

in which 4 = ab is the plate area. In terms of the
far-field amplitude S(6, 6,) the extinction cross sec-
tion is

2

A
o™ = . Im S(6, 6 + n) (23)

and thus

ext

opy=2Acos O Re I'y 4

(24)

We recognize 24 cos 6 as the extinction cross section
of a perfectly conducting plate of area A, and at
normal incidence

ext

ext __
Og =0y

4. COMPARISON WITH MEASURED DATA

In addition to the RCS of an actual leaf and a
rectangular cutout, measurements were also made
using a rectangular plate to gain confidence in the
accuracy of the experimental procedures and the the-
oretical approximations. It is convenient to discuss
them in the reverse order.

4.1. Rectangular metal plate

When a rectangular plate is illuminated with the
direction of incidence in a principal plane, an ap-
proximate expression for the backscattered field can
be obtained by treating the plate as a length b of an
infinite strip or ribbon of width a. For a perfectly
conducting strip, a uniform second order GTD ex-
pression for the bistatic scattered field has been de-
veloped by Senior [1979]. If the incident field is H
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polarized, the formula is equivalent to an asymptotic
expansion of the uniform results of Khaskind anc
Vainshteyn [1964], and when specialized to the case
of backscattering, the far-field amplitude of the platc
2
1—-——e

18
{(l + sin 6) [
T
2
- cos (g - g)F (, /2 ka sin (; - g))] gikasin@
n 0)

~in/4

S0, 6) = —

4n sin 0

4 2

—-——e

2
—in/4 Sil’l (
f
n_9

I

for | 8] < m/2, where the phase origin has been choser
at the center of the plate and F(x) is the Fresne
integral

—(1 —sin 0)[1

e

. F(, /2 ka cos (:

(25)

F(x) = J‘ e du (26
We remark that Sy is finite and continuous for all 6
including 6 = 0 corresponding to normal incidence.
and in terms of S, the backscattering cross section is
given in (17).

In the case of E polarization, a similar approach
applied to the uniform results of Fialkovskiy [1966]

1 - _2_ e—iu/4
4

o - -
!

S0, 6) k
6, —41t

- i e~ x4 gin3 (E _-
Jr 4" 2

— (1 + sin 0)[1

2
: G(,/Z ka cos (; - g)):l g~ tkasin ”} (27)
[Senior, 1979], where
G(x) = F(x) — 51; e~ (28)

In Figure 3 the theoretical expressions are com-
pared with measured data for a plate having b = 2/
and a = 1.334. Overall the agreement is excellent
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Fig. 3. The measured RCS (asterisks) of a thin metal plate
{a =4 cm, b = 6 cm) for (a) H polarization and (b) E polarization.
The theoretical expressions (25) and (27) are much more accurate
than the physical optics approximation (22).

With (25) used to compute gy, the strip model accu-
rately reproduces the main features of the scattering
pattern of a plate for H- polarization, including the
traveling wave lobes whose maxima occur at 0 =
+54° and which override the outer side lobes of the
specular flash. A similar agreement is found for E
polarization, and the failure of (27) to reproduce the
observed oscillation at angles close to grazing can be
attributed to the effect of the currents borne by the
side edges of the plate that are not accounted for by
the strip model. The physical optics approximation
(22) 1s included in Figure 3, and the improved accu-
racy provided by (25) and (27) is most evident at
angles within (about) 45° from grazing.

4.2. Rectangular resistive plate

For a rectangular plate of uniform resistivity R,
formulas analogous to (25) and (27) can be derived
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Fig. 4. The measured RCS (asterisks) of a rectangular section
(a =4 cm, b= 6 cm) of a freshly cut coleus leaf (Mg = 0.85) for (a)
H polarization and (b) E polarization. The strip model provides
very little improvement over the physical optics approximation
(21).

from the GTD expression for the bistatic scattered
field of a resistive strip [Senior, 1979; Herman and
Volakis, 1987], but as the resistivity increases, the
improvement over the physical optics formula for a
resistive plate diminishes. Even a resistivity as low as
20 ohms per square effectively eliminates the trav-
eling wave lobe for H polarization [Senior, 1985] and
exposes the underlying side lobes of the specular
flash. Similarly, for E polarization, the resistivity re-
duces the strong edge effects, including the influence
of the side edges of the plate.

The net result is to improve the accuracy of the
physical optics approximation (21), and this is illus-
trated in Figure 4, where the measured data for a
rectangular leaf are compared with the strip model
[Herman and Volakis, 1987] and physical optics. The
rectangle was cut from a fresh coleus leaf having
Mg = 0.85, and the (complex) resistivity was com-
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Fig. 5. The measured RCS (asterisks) of the dried leaf section
(Mg = 0) compared with the physical optics approximation (21)
for E polarization. The results for H polarization are the same.

puted from (3) using (1) and (2). The only significant
differences between the strip and physical optics for-
mulas occur for incidence angles within a few degrees
of grazing, and the physical optics approximation is
in good agreement with the measured data over most
of the angular range. Similar agreement was found
for other moisture contents, and Figure 5 shows the
results for a dried leaf having Mg = 0. Even at this
low level of reflectivity the physical optics approxi-
mation (21) retains its accuracy, and the dynamic
range is illustrated in Figure 6.

4.3. Natural leaf

In the light of the above results it was anticipated
that the physical optics approximation applied to the
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Fig. 6. The measured RCS (asterisks) of the leaf section for
various moisture contents at normal incidence are in excellent
agreement with the physical optics values. The 1:1 line is shown.
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Fig. 7. The measured RCS (asterisks) of a natural coleus leaf
having 4 = 39.5 cm? and Mg = 0.77 for (a) H polarization and (b)
E polarization, compared with the physical optics approximation
(21) assuming a = 5.6 cm.

resistive sheet model would provide a good approxi-
mation to the RCS of an actual leaf at most angles of
incidence. To test this, measurements were made
using a coleus leaf whose area was 4 = 39.5 cm?. The
width of the equivalent rectangle was chosen as 5.6
cm, implying b = 7.1 cm, and the measured RCS of
the freshly cut leaf (Mg = 0.77) is compared with the
physical optics approximation (21) in Figure 7. In
view of the obvious uncertainty in the specification of
a (or b), the agreement is good down to at least 20 dB
below the broadside peak. Similar agreement was
found for the same leaf with Mg = 0.85, 0.62, and
0.04.

The theoretical extinction and backscattering cross
sections (24) and (21) respectively, normalized to their
perfectly conducting values, are plotted as functions
of the moisture content Mg for normal incidence
(6 = 0) in Figure 8. The measured values of o/0, for
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Fig. 8. The measured values of the normalized RCS of rec-
tangular (asterisks) and natural (pluses) leaves as functions of Mg
at normal incidence are accurately approximated by the physical
optics expression (21). The normalized extinction cross section (24)
is also shown.

the rectangular and natural leaves are included, and
the agreement is excellent.

5. CONCLUSIONS

Using measurements of the backscattered field of
coleus leaves in varying stages of dryness, it has been
shown that a resistive sheet constitutes an effective
model of a leaf. The resistivity is entirely specified by
the moisture content, and for a rectangular section of
a leaf, the predicted backscattering cross sections are
in excellent agreement with the measured data for
both principal polarizations, including the special
case of a rectangular metal plate whose resistivity is
zero. As the resistivity increases, the effect of the cur-
rents borne by the edges of the plate diminishes, and
the accuracy of the physical optics approximation
improves. Indeed, for a natural leaf, the physical
optics approximation in conjunction with the re-
sistive sheet model faithfully reproduces the domi-
nant features of the scattering patterns for all of the
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moisture conditions investigated, representing a dy-
namic range of more than 50 dB. The simplicity of
the formulation is such that the bistatic and extinc-
tion cross sections can also be computed, and the
aspect angle averaging that may be necessary in a
practical situation is easily performed.
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Effect of Curvature on the Backscattering from a Leaf

K. Sarabandi, T. B. A. Senior and F. T. Ulaby

Radiation Laboratory

The University of Michigan

Department of Electrical Engineering and Computer Science
Ann Arbor, MI 48109-2122, USA

Abstract- Using a model previously developed for the backscattering cross section of a
planar leaf at X -band frequencies and above, the effect of leaf curvature is examined. For
normal incidence on a rectangular section of a leaf curved in one and two dimensions, an
integral expression for the backscattered field is evaluated numerically and by a station-
ary phase approximation, leading to a simple analytical expression for the cross section
reduction produced by the curvature. Numerical results based on the two methods are
virtually identical, and in excellent agreement with measured data for rectangular sec-

tions of coleus leaves applied to the surfaces of styrofoam cylinders and spheres of different
radii.

1. INTRODUCTION

Leaves are an obvious part of any vegetation canopy. They can vary in size, shape,
orientation, moisture content, etc., and if we are to model the backscattering from
a canopy, it is necessary to compute the backscattering from a single leaf [1,2]. In
a recent study [3] it was shown that for a typical planar leaf at X -band frequen-
cies and above, a resistive sheet model in conjunction with the physical optics
approximation accurately predicts the backscattering cross section at almost all
angles of incidence. The (complex) resistivity of the sheet is a function of the
gravimetric moisture content Mg of the leaf, and for all moisture contents, the
accuracy of the resulting prediction is adequate for most practical purposes.

In their natural state leaves are not generally planar, and any curvature may
reduce their backscattering cross sections. To explore this effect, measurements
have been carried out using a rectangular portion of a coleus leaf attached to
the surfaces of styrofoam cylinders and spheres of different radii. For a wide
range of curvatures, the reduction in the backscattering cross section at X -band
is accurately predicted by the physical optics approximation, and the results of
a numerical evaluation of the physical optics integral are almost identical to a
Fresnel integral expression derived from a stationary phase evaluation.

2. LEAF MODEL

A leaf can be regarded as a thin, non-magnetic lossy dielectric layer, and an
effective model for such a layer is an infinitesimally thin resistive sheet. The
sheet is simply an electric current sheet characterized by a (complex) resistivity
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R where
y— - 1
" kr(e—1) (1)
Here, k and Z are the propagation constant and intrinsic impedance respectively
of free space, 7 is the layer thickness, ¢ is the complex dielectric constant of the
material, and a time factor e~%* has been assumed and suppressed.

The dielectric constant € = &' + ie” of a leaf is primarily determined by its
gravimetric moisture content Mg, and can be found using a Debye-Cole dual-
dispersion dielectric model {4]. The model predicts ¢/ and ¢" in terms of the
frequency, temperature and Mg, and approximate empirical expressions valid at
X -band and room temperatures are available [3]. The accuracy is within +20%.
The thickness T of a leaf also depends on its moisture content and decreases with
decreasing Mg. In reality, however, the thickness generally decreases from base
to tip and may vary by as much as 50 percent over the surface. For a class of
coleus leaves, an approximate expression for the average thickness in terms of Mg
- was given in 3], but for the coleus leaves used in the present study the thickness
was measured at several points using calipers, and the averages determined. It is
worth noting that the resulting resistivity of the leaf was in good agreement with
the value of R measured using a leaf section placed in a waveguide.

At X -band frequencies and up to where the leaf thickness is comparable to
A/20 the physical optics approximation applied to the resistive sheet model pro-
vides an accurate estimate of the backscattering cross section of a planar leaf for
all moisture contents and most angles of incidence [3]. For a sheet lying in the

plane £ = 0 of a Cartesian coordinate system (£,7,¢) and illuminated by a plane
electromagnetic wave having

E = (é sinasin@ + fsin a cos ¢ + ( cos ¢::z)e"'k(e cos ¢—nsin ¢) (2)
(see Fig. 1), the induced electric current is
J=2Y {1") sinaTg(¢4) + &cosacoscﬁI‘E(cﬁ)} elknsing (3)

where Y is intrinsic admittance of free space and [3]
2R -1
I'g(é) = (1 + — s ¢)

T'e(é) = (1 + 2—;i-cos ¢)-1

I'y and -T'p respectively are the plane wave reflection coeflicients for H-
polarization (@ = 7/2) when the magnetic vector is perpendicular to the plane
of incidence and for E-polarization (@ = 0) when the electric vector is similarly
inclined. Since R = 0 corresponds to perfect conductivity, 'y and I'p show
how the current differs from the current Tpc supported by a perfectly conducting
surface. Indeed,

T =Tpe - ATH(8) + Tpe - (T E(4) (4)

where # and ( are unit tangent vectors in and perpendicular to the plane of
incidence respectively.
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?C

Figure 1. Geometry for the scattering of a plane wave from a resistive
sheet lying in the plane { = 0.

3. ONE DIMENSIONAL CURVATURE

In the Appendix, expressions are derived for the backscattering cross section of
a rectangular resistive plate of dimensions a,b as a function of the angle of in-
cidence, and we now examine the effect of giving the plate a constant radius of
curvature p in a principal plane. As a result of the bending, the plate conforms
to a portion of the surface of a right circular cylinder of radius p as shown in Fig.
2.

If the flat plate has length @ in the z-direction and width b in the y-direction,
then b = 2p@,. The illuminating field is a plane wave propagating in the negative
z-direction with

= ( sina + 2 cos a)e " *(2=P) (5)

and in the backscattering direction the far field expression for the Hertz vector ¥
is
ez iz bt+do _ 1\ ikp(1—cos ¢') 5 11

== _ & - d

T(Z) = 47 2% s, J(¢)e ¢
where the phase origin has been chosen at the front of the cylinder. To ensure
that no portion of the outer surface of thg_ plate is shadowed, it is necessary that
0] < § — 0. The resistive sheet current J is given by (3) with the identification

$=¢', f=—-dsing'+jcosg’, (=32 |
Recognizing that the exponent in (5) is simply the incident field phase at the
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surface,
7(¢’) =2Y{(—£ sin ¢, + gCOS ¢') SinaFH(¢')
+ 2 cos acos ¢’ I‘E(¢’)}eikp(l—cos ¢')
and hence . 0+
___e'ziap e R EU . '
7(Z) = bz Om 0-6. {(—z: sing + ycos¢ )sinal'g(d)

+ ECOS o cos ¢l I\E(¢I)}621kp(l—cos ¢’) d¢’

Figure 2. Geometry for the scattering of a plane wave from a resistive
sheet which conforms to a portion of the surface of right circular
cylinder of radius p.

The scattered electric field in terms of the Hertz vector 7 is given by
E'=VxVxw
and the far field approximation in the backscattering direction is
ikz
E'(7) = iks x iké x 7(z) = "k—z-‘s‘
where S is the far field amplitude. The resulting expression for S is

2 0+do . ’
S = "‘;:P / {#sinaTg(¢') + zcosaTg(¢')} cos ¢’ g2ikp(1—cos ¢ )d¢' (6)
6—9o

in terms of which the like- and cross-polarized backscattering cross sections are

A2 =2
cr=—;—|(3}sina+2cosa)-$| (7)
A2 =2
Ocross = 7'(3}cosa ~ zsina) - Sl

(8)
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Two methods were employed to evaluate the integral expression (6) for §.
In the first, the arc 8 — ¢o < ¢' < § + ¢o was subdivided into 2M segments
and each replaced by a planar strip of width A = p@o/M centered at ¢' =
¢iny m =1,2,..., M, and tangential to the cylinder. From the formula (4.3) for
the backscattered far field amplitude of an inclined plate, we then have

T= ik2aA % {. . T ! N T ! ' Zikp(l—cosd’ﬁn)Sin U’
== P ysinalg(dy,) + 2cosa E(¢m)} cos pme o
(9)

with U’ = kA sin¢}, . The summation was carried out numerically, and a compar-
ison with data obtained from a moment method solution of the integral equation
for a curved resistive strip is given in Section 5.

~ The second method is entirely analytical and is based on the stationary phase
(SP) approximation. The SP point of the integral in (6) is ¢' = 0 and on the
assumption that kp > 1, with 8 < ¢, so that the SP point lies within the range
of integration,

tka

S= —2;\/5{3} sinal'g(0) + 2 cos aI‘E(O)}

. {f [\/E;(qbo + 0)] +F [\/k—p(% - 0)] }

where ,
F(r) = / e dy (10)
0

is the finite range Fresnel integral. We remark that for || <1

F(r)=7+0(r%) (1)
whereas for |7| > 1

Fir) ~ g/me™/A (12)
Since I'g(0) = I'g(0) it now follows that

X0 frplgsina + 2 cos )T (0) { [v/Ep(do + )] +F [VEaldo - 0)]}

(13)
showing that to this approximation there is no depolarization in the backscattering
direction.

It is instructive to examine separately the special case of symmetric (normal)
incidence when # = 0. The argument of the Fresnel integrals in (13) is then
b/2\/k/p,and if p > kb2/4, the approximation (11) implies

— ik2ab

S = 27
in agreement with the known expression for the backscattered far field amplitude
of a planar resistive plate at normal incidence. On the other hand, if p <« kb2/4,
(12) gives

S =

(§sina + zcosa)l'g(0) (14)

S = —-15221 / %’—’(g sina + Z cos a)FH(O)e—i}
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which is the result for a resistive circular cylinder of radius p and length a. For
intermediate values of p the Fresnel integral must be retained, and when the far
field amplitude is normalized to the flat plate expression (14), denoted by the affix

fp,

S 1
Shr = ;;f () (15)
independent of the resistivity, where
b |k
=37 (16)

The above results are also valid for concave curvature if F(v) is replaced by
its complex conjugate. Calculations based on the formulas (9), (13) and (15) are
compared with numerical results obtained using the moment method and with
measured data in Section 5.

4. TWO DIMENSIONAL CURVATURE

We now consider the effect of giving the plate the same curvature in both principal
planes, so that the plate conforms to a portion of a spherical surface of radius r.
For simplicity the analysis is carried out for a plane wave incident symmetrically,
and the geometry is then as shown in Fig. 3.

‘Z

Figure 3. Geometry for the scattering of a plane wave from a resistive
sheet which occupies a portion of the surface of a sphere of
radius r at normal incidence.

In terms of the spherical polar coordinates r,#, ¢’ such that z = rsiné' cos ¢/,
y=rsinf singd’ and z =rcos@, the plate occupies the surface region T-0<

0 < 5+00,—f(6¢') < ¢ < f(6') where 8, = b/(2r) and f(¢') = a/(2rsiné).

37



Effect of Curvature on the Backscattering from a Leaf

The incident electric field is the same as that in Section 3, and for a perfectly
conducting plate the physical optics expression for the induced electric current at
a point &',¢' on the surface is

Jpe = 2Y{sin asind (-zsing' + §cos )
+cosa—&cos b + zsiné’ cos qS')} gtkr(1-sind cos ¢')
Unit vectors tangential to the surface and parallel and perpendicular respectively
to the plane of incidence are
7 =Q {—:2(1 — sin? ¢’ cos? ¢')+ (§sin 6 sing' + 2 cos§')sin @ cos ¢'}
(1 = Q(~gcosd + zsind sing')
where
Q = (1 —sin ¢ cos? ¢')" %
‘and in terms of #; and (; the perfectly conducting plate current is
Jpc =2Y {(sin asin® sin¢' + cosacosd')f; — siné cos ¢’
(sinacos§’ — cosasinf' sin " } Qcikr(l-'ino' cos ¢)
From (4) it now follows that for a resistive plate the current is
J=2Y {(sin asin @' sin ¢' + cos acos ¢ )T g ()i — siné' cos ¢’
.(sinacos§’ — cosasiné’ sin ¢')I‘E(¢)&1} Qeikr(1—siné cos ¢) (17)
where the angle ¢ is such that

cos ¢ = sin 8’ cos ¢’

In the backscattering direction the far field expression for the Hertz vector T
is

J(#, ¢ )e”"(l"'mo' co8¢') 5in 8’ df’ dg'

7(z) =

3kz 1'ZT ]--}-90 /f(o )
‘kz 4w 56, J-£(#) ‘
and when the formula (17) for J isinserted, the backscattering far field amplitude

for the curved resistive plate is found to be

2.2 . f(¢
S= zk ’: ./ f((e')) [smay sm20' sin ¢1‘H(¢)+°°329’PE(¢)}

+ cosaz {sin2 ¢' sin? ¢' Ie(4) + cos? GIFH(d’)}

+ (cos afj — sinaz) sin§' cos §' sin ¢'{I‘E(¢) - PH(¢)}]
. QZ sin @' cos ¢l32ikr(l—sin0’cos¢')dold¢l (18)

The like- and cross-polarized backscattering cross sections can be computed by
substituting (18) in (7) and (8), and depolarization occurs to the extent that I'g
and I'gp differ over those portions of the plate that contribute to the integral.
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The expression for S was evaluated using methods similar to those employed
in Section 3. The first method is numerical. By subdividing the ¢' and ¢' ranges
into 2L and 2M increments respectively and treating each elementary patch
as a rectangular flat plate centered at §' = G’l, ¢ =¢n (£ =12,....,L; m =

2,...,M) with dimensions Ay = rAf, Ay = rsin#yA¢’ where A¢ = 6,/L
and A¢' = f(6')/M, the result is

k2 2L 2M ’ .
Z Z [ ] AIAZQ2 sin 8 cos qb' g2ikr(1-cos g) cos ¢}, ) SIB Uysin V)

(19)
Here
Up = kAjcos 0’1 cos ¢h,
Vi = kAgsin ¢,

and [ ] denotes the terms in square brackets in (18).

The second method is based on the stationary phase approximation. The
(double) SP point of the integrand in (18) is & = 7/2,¢' = 0, and when all the
non-exponential terms are removed from the integrand at this point, we have

2.2 §+0o of . : /
k (ysma-{-zcosa)I‘H(O)/’e /((0')) e2ikr(1-sin & cos ') 5t 14/

where we have used the fact that 'g(0) = I'g(0). By expanding the exponent
about the SP point and retaining only the quadratic terms, we then obtain

S = gz—kl(y sina + Z cos a)I‘H(O)T( \/f)f(%\/g) (20)

showing that to this approximation there is no depolarization. The amplitude
normalized to its flat plate value (14) is

S=

S
S = o (71) —T('!z) (21)
independent of the resistivity where
a [k b [k
m=z\y7 M"=3\57 (22)

and the reduction in Sg, is simply the product of the factors appropriate to a
one-dimensional curvature in each of the principal planes of the plate.

The extension to the case of a plane wave which is not incident symmetrically
is trivial. If the plate is rotated through an angle § about the y-axis (see Fig. 3)
with |8| < § — 6, so that no part of the plate is shadowed, the far field amplitude
corresponding to (20) is

gt X (goina + cos ) g (0)F (3 \/E)
{ECD] -]} e
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Here also the expression is a natural extension of the formula for a one-dimensional
curvature.

5. COMPARISON WITH EXPERIMENTAL DATA

To test the validity of the resistive sheet model and to explore the effect of leaf cur-
vature, a series of measurements was carried out using rectangular leaf sections.
Coleus leaves were chosen because they retain their moisture after being cut: at
room temperature (23°C) the change in moisture content after 20 minutes was less
than one percent. The scattering measurements were made at X -band in a small
tapered anechoic chamber using an HP 8510A network analyzer. A schematic
of the equipment is shown in Fig. 4, and the general procedures employed are
described in (3]. The only significant improvements made to the original system
were the introduction of an automatic target positioner to permit measurements
at specified increments in angle, and the use of strings stretched between syn-
chronously rotating stepper motors at the top and bottom of the chamber to
facilitate the target support. Since a single linearly-polarized horn antenna was
used to radiate and receive the signals, only the like-polarized backscattering cross
section could be measured. A small metal sphere was employed for calibration.

styrofoam

homn antenna

ab

HP 8510
HP 9000
HP 8511 computer

Figure 4. Schematic of the RCS measurement system.

Some results for a plane rectangular section of a leaf having a = 1.33\ and
b = 2\ with Mg = 0.7 and r = 0.5 mm are shown in Figs. 5 and 6. FE
polarization (@ = 0) was used in both cases. In Fig. 5 the leaf was initially
vertical (8 = 0) and the data as a function of the rotation angle ¢ are in good
agreement with the curve computed from (A.4). In Fig. 6 the leaf was tilted back
(8 = 8 deg.) and a similar comparison with (A.8) is shown. For completeness,
the cross polarized cross section computed using (A4.9) is included in Fig. 6.
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CROSS SECTION AREA (dBsm)
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-90. -7I0. -';0. -3[10. -]0. IIO. :;0 S0. 70. 90.
INCIDENCE ANGLE (Degrees)
Figure 5. Comparison of the measured RCS (x * x) with the theoretical
expression (A.4) (—) for a rectangular section (¢ = 4 cm,

b=6 cm) of a cut coleus leaf with Mg = 0.7 and 7 = 0.5 mm
for E -polarization (¢ =0), =0 and A =3 cm.

CROSS SECTION AREA (dBsm)

INCIDENCE ANGLE (Degrees)

Figure 6. Comparison of the measured RCS (* * *) with the theoretical
expression (A.8) (—) for the rectangular section of the coleus
leaf with Mg = 0.7 and 7 = 0.5 mm for E -polarization (a =
0), 8 =8 deg and A =3 cm. The theoretical cross polarized
RCS (A.9) (xxx) is also shown.
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With the confidence that physical optics in conjunction with the resistive sheet
model is adequate for planar leaves, we now compare the predictions for curved
leaves with moment method data and with experimental results. To check the
accuracy of (9), the scattering was computed using a two-dimensional moment
method code {5] for resistive strips extended to the three-dimensional case by
assuming that the current is independent of 2z, and in Fig. 7 the backscattering
cross section computed using (9) is compared with moment method data for a
curved leaf having radius of curvature p = 2\ and for a flat leaf (p = o0). The
overall agreement is good out to 50 and 70 degrees respectively, where the lower
limit for the curved leaf corresponds to the onset of shadowing. In Fig. 8 the
Fresnel integral approximation (13) is compared with (9) for curved leaves having
p =2\ and 3). The agreement is excellent as long as the stationary phase point
is on the leaf, i.e., for |8] < 28 and 19 degrees respectively, but remains good for
incidence angles out to about 45 degrees.

Experimental measurements were also performed. In the first experiment a
rectangular leaf section of the same size as before was attached to the surface
of a right circular cylinder of styrofoam and the normal incidence backscattering
cross section was measured. Cylinders of six different radii were used and the
cross sections were normalized to that of the planar leaf. The measured cross
section reductions for E polarization are plotted as a function of p in Fig. 9 and
compared with the curves computed using the numerical summation (9) and the
stationary phase approximation (15). The agreement is excellent. As p decreases
from 33 to 3, v increases from 0.76 to 3.14. Over the entire range, (9) and (15)
yield virtually identical results, and (15) provides a simple and accurate expression
for the cross section reduction.

-15. 7]
4
4
-~ ]
g 4 WX
e
¥
N -5 ] [
i ’
h x
] /
5
£ ‘
?) -35. ’o"
[7)] j x*x ‘ o
2 1
[~ ) -
Q e, W/
N ()
e o
e ‘.

-99. -70. -56. -30. -l1e. 10. 2. S6. 70. 9.
INCIDENCE ANGLE (Degrees)

Figure 7. RCS of a rectangular resistive sheet computed using the moment
method (lines) and the numerical summation (9) (points) for
p =2\ (--,xxx) and p = oo (—, 000). The size and resistivity
of the sheet are the same as in Fig. 5 with 7 = 0.32 mm and
A=3 cm.
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CROSS SECTION AREA (dBsm)

-90. -70. -50. -30. -10. 10. 30. S9. 70. 9.
INCIDENCE ANGLE (Degrees)

Figure 8. RCS of a rectangular resistive sheet computed using the numeri-
cal summation (9) (lines) and the Fresnel integral approximation
(13) (points) for p = 2X (---, xxx) and p = 3X (—, 000). The
size and resistivity of the sheet are the same as in Fig. 5 with
T =0.32 mm and A =3 cm.
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Figure 9. Comparison of the measured RCS (* * *) reduction at normal
incidence with the numerical summation (19) (—) and the Fres-
nel integral approximation (15) (---) for a one dimensionally
curved rectangular section of a coleus leaf versus radius of cur-
vature (7 =0.32 mm, A =3 cm).

For the case of a two dimensional curvature a similar experiment was performed
in which a leaf section was mounted on the surface of a styrofoam sphere. Spheres
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of six different radii were used. To facilitate the mounting a naturally-curved leaf
was chosen and cut to conform to the spherical region §—6, < ¢ < F+00, —¢o <
¢' < o where 0, = b/(2r), do = a(2rsinb,), with a = 1.33X and b = 2). The
region is slightly different from that specified in Section 5, and the leaf sections are
no longer rectangular when flattened out, but calculations based on the summation
(19) showed that the cross section reduction is the same for both. The measured
data are compared with the numerical and analytical results (19) and (21) in
Fig. 10. The agreement is again excellent and confirms the validity of the simple
formula (21) for curvature in two dimensions.
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Figure 10. Comparison of the measured RCS (* * x) reduction at nor-
mal incidence with the numerical summation (19) (—) and
the Fresnel integral approximation (21) (---) for a spherically
curved section of a coleus leaf versus radius of curvature (7 =
0.32 mm, A =3 cm).

As evident from the preceding figures, curvature can have a significant effect
on the backscattering cross section, and in a practical situation, it is important
to know the frequency range where any curvature of a leaf must be taken into
account. To this end, Fig. 11 shows the normal incidence cross section reductions
versus frequency for three leaf sections 6 cm on a side, curved in one dimension
with radii 3, 6 and 12 cm. In all three cases Mg = 0.7, 7 = 0.5 mm and the
frequency dependence implied by (1) and the Debye-Cole dielectric model was
included. Once again (9) and (15) yield virtually identical results and if, for
example, p = 12 cm, the curvature produces a significant effect only at C -band
frequencies and above.
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Figure 11. Normal incidence RCS reduction versus frequency due to the
one dimensional curvature of a rectangular section of a leaf
with Mg = 0.7 and 7 = 0.5 mm for three different radii of
curvature using the numerical (9) (—) and analytical (15) (---)
expressions.

6. CONCLUSIONS

The resistive sheet model in conjunction with the physical optics approximation
which was previously shown (3] to accurately predict the backscattering cross
section of a planar leaf has now been extended to the case of a curved leaf. For a
rectangular section of a leaf curved in one and two dimensions, the physical optics
expression for the backscattered field as a function of the angle of incidence was
evaluated numerically and by a stationary phase approximation. The latter leads
to simple analytical expressions for the cross section reduction produced by the
curvature. Numerical results based on the two methods are virtually identical over
a wide range of incidence angles and in excellent agreement with measured X -
band data for rectangular sections of coleus leaves applied to surfaces of styrofoam
cylinders and spheres of different radii. As a result of these comparisons, it is
concluded that the curvature effect is accurately simulated by a multiplicative
factor involving a Fresnel integral whose argument is a function of the relevant
leaf dimension, the radius of curvature, the frequency, and the angle of incidence,
but independent of the material properties of the leaf.

APPENDIX: FLAT PLATE ANALYSIS

To illustrate the application of the formulas in Section 2, consider a rectangular
resistive plate occupying the region —a/2 < 7 < a/2, —b/2 < { < b/2 of the
plane { = 0 and illuminated by the plane wave (2) as shown in Fig. 1. Since
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there is only an electric current induced in the plate, the scattered field can be
attributed to an electric Hertz vector 7. In the backscattering direction the far
field expression for T is

zkr A
— _ - tknsin ¢
") = G e [ TR dnag

where the integration is over the illuminated surface of the plate, and if the physi-
cal optics approximation is employed, it is a trivial matter to determine ¥. From

(3)

a/2 b/2 R o
7(F) = / fsinalg(¢) + (cosacosqSI‘E(qS)} e2iknsing gn e
27" —a/2J-b/2
e i aTa(8) + C cosacos $Tp(9)) 2T (41
= o fsinaly cosacosp'p T 1)
where
U = kasing (A.2)
and the backscattered far field amplitude is
2
S = zk2 ab {(f sing + fjcosd)sina T g(¢) + Ccosa I‘E(¢)} cos ¢sm v (A.3)
In terms of S the like-polarized backscattering cross section is
2 . 5 —2
o= A? ({sinasing + fisinacosd + ( cosa) - SI
and the cross-polarized cross section is
2, . =2
Ocross = é;— (§cosasing + fjcosacosp — (sina) - S'
Thus
ab sinU |2
o =4m|— 5y {sm aTg(4) + cos’ a I‘E(qb)} cos¢ (A.4)
and
ab sinU |2
Ocross = 47 5y sin a cos a{I‘H(¢) - PE(¢)} cos¢ (A.5)

and we observe that the cross-polarized return vanishes if at least one of sina,
cosa, or cos¢ is zero or I'g(¢) = C'g(4). This last condition is satisfied for a
perfectly conducting plate.

The above example corresponds to the rotation of the direction of incidence in
the ¢{n-plane and is equivalent to the rotation of the plate through an angle ¢
about the (-axis with the illumination fixed in space. A more general situation
is that in which the plate is first tilted back through an angle 3 (see Fig. A.1)
prior to rotation. In terms of a rotated coordinate system ¢,n',¢' where é =
£cosﬁ + {sing, 7 =17, (' = —€sinf + (cosﬂ the plate now occupies —a/2 <
7' < a/2, —b/2 < ¢' < b/2, and the incident electric field is

= (£s1nasm¢+nsmacos¢+Ccosa)e ik (¢’ cos Bcos ¢—n' sin §—¢' sin B cos ¢)
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Since the unit vector normal to the plate is ¢, the physical optics expression
for the current that would be induced if the plate were perfectly conducting is

7p¢ =2Y {—-E cos asin B cos ¢ + 7)(sin a cos B + cos a sin 3 sin @)
+ ¢ cosacos B cos ¢} k(7' sin ¢+¢' sin B cos ¢)
which can be written as
Jpc =2Y {(sin a cos Bsin ¢ + cos asin3)fj; — (sin asin 8 — cos a cos 3 sin ¢)
~cosﬂcos¢(:‘1} Petik(n sin ¢+¢' sin B cos ¢)
where
P=(1- cos? A cos? ¢)"%

and

1 = P(-¢ sin? 3 cos ¢ + 7 sin ¢ + ¢ sin B cos B cos ¢)

¢y = P(—£sinBsin¢ — fsin B cos $ + ¢ cos Bsin ¢)

are, respectively, unit vectors in and perpendicular to the plane of incidence, lying
in the plane of the plate. The current induced in the resistive plate is therefore

J=2Y {(sin a cos Bsin ¢ + cos asin B)['g(41)71 — (sinasin B — cos a cos 3 sin ¢)
.cos B cos$T E(¢1)&1} Ppeik(n siné+(' sinBcos §) (A.6)

where ¢; is the angle between the negative of the incident field direction and the
normal to the plate, i.e., cos™!(cos B cos ).

AS

Figure A.1. Geometry for the scattering of a plane wave by a tilted resistive
sheet.
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The Hertz vector defining the backscattered field is

_ ekt ;7 /a/2 /b/2 zk (' sin g-+¢'sin B cos ¢) 4 ’dC
kr 4w —a/2J-b/2
and when the integration is performed we obtain
k" iab
7(F) = P [(sm acosfsin¢ + cosasinB)'g(é1)71 — (sinasinf

sinUsinV
v Vv

— cos a cos 3 sin ¢) cos [ cos ¢ I‘E(¢>1)81] P
where U is given in (A4.2) and
V = kbsinf cos ¢
The resulting expression for the backscattered far field amplitude is

- 1k2

[(5 sin @ + 7 cos ¢){sm a [cos Bsin® T () + sin® B I‘E(¢1)]

+ cos asin § cos fsin 6 [T (41) — T5(41)]}
+ Z{cos a [sin2 Blg(é)+ cos? B sin? ¢ FE(d’l)]

+ sinasinfBcosSsing [['g(d1) — FE'(¢1)]}]P2 cos 3 cos ¢smU sinV

%
(4.7)

and we note that this reduces to (A.3) when 8 = 0. The backscattering cross
sections are

o =4r aTb {(sinacosﬂsin¢ + cosasinB)’T'g(¢;) + (sinasing

sin U sin V

— cos a cos (3 sin ¢)ZI‘E(¢1)} P? cosﬂcos¢ (A.8)

and

b
Ocross = 4m %—(sin acos B sin ¢ + cos a sin 8)(sin a sin 8 — cos a cos 3 sin ¢)

sinU sin V |?
{Ta(#1) - TE(41) } P* cos B cos =7~
As required, these reduce to (A.4) and (A.5) when ﬁ = 0, and for all 3 the

cross-polarized return vanishes for a perfectly conducting plate. A comparison
with measured data for a leaf is given in Section 5.

(A.9)
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Microwave Attenuation Properties of
Vegetation Canopies

FAWWAZ T. ULABY, rFeLLow, IEEE, AND EDWARD A. WILSON, MEMBER, IEEE

Abstract—A major impediment to the understanding and modeling
of propagation through and backscattering and emission from vegeta-
tion canopies has been the lack of canopy attenuation data as a function
of frequency, incidence angle, and polarization configuration. This pa-
per presents the results of attenuation experiments conducted for can-
opies of winter wheat and soybeans in the late spring and early summer
of 1984, Attenuation data were acquired at 1.55, 4.75, and 10.2 GHz for
horizontal and vertical polarizations at incidence angles near 20° and
50°. In addition, wheat decapitation and soybean defoliation experi-
ments were conducted to evaluate the relative importance of different
canopy constituents (such as heads, leaves, and stalks) to the total can-
opy attenuation. The measured data were compared to calculations
based on a model that treats the stalks as parallel elements of a uniaxial
crystal and the leaves and branches as randomly oriented disks and
needles, respectively. Very good agreement was obtained between the-
ory and experimental observations for the soybean canopy for both po-
larizations and for the wheat canopy for vertical polarization; however,
the model consistently underestimated wheat attenuation (relative to
the data) for horizontal polarization. This deficiency of the model is
attributed to the fact that it considers all the stalks to be vertically
oriented, whereas in reality the stalks exhibit an orientation distribu-
tion, although it is centered around the vertical direction.

I. INTRODUCTION

T MICROWAVE frequencies, a vegetation canopy is

a highly inhomogeneous medium; moreover, because
the scattering elements have a nonuniform orientation dis-
tribution, the canopy is likely to exhibit nonisotropic at-
tenuation properties. In many types of canopies, the stalks
may comprise the overwhelming majority of the biomass
in the canopy, which suggests that an incident radar wave
would be differentially attenuated by the canopy, depend-
ing on the direction of the incident electric field relative to
the orientation of the stalks. The propagation properties
of a vegetation canopy play a central role in modeling both
the scattering and emission behavior of the canopy. De-
spite the critical need for such information, very few in-
vestigations have been conducted to date to determine the
extinction properties of vegetation canopies on the basis
of either their constituent parts (leaves, stalks, fruit) or as
a whole. In 1970, Story er al. [1] reported that horizontal
propagation (at 16 GHz) through a wheat canopy experi-
enced higher attenuation for vertical polarization (E-field
parallel to stalks) than for horizontal polarization (E-field
perpendicular to stalks) and that the attenuation was higher

Manuscript received February 1, 1985; revised June 1, 1985.

F. T. Ulaby is with the Department of Electrical Engineering and Com-
puter Science, University of Michigan, Ann Arbor, M1 48109.

E. A. Wilson is with the North Central Association of Colleges and
Schools.

by about 6 dB for propagation through the top layer (con-
taining the wheat heads) than for the layer containing stalks
only.

More recently, Ulaby and Jedlicka [2] reported the re-
sults of canopy attenuation measurements at 10.2 GHz,
vertical polarization, and an angle of incidence of 56° rel-
ative to nadir. They observed that a soybean canopy, for
example, may vary from appearing quasi-transparent to
quasi-opaque, depending on its wet biomass. The varia-
tion of the canopy loss factor with polarization angle was
examined by Le Toan et al. [3] in a laboratory setting.
They observed that when a layer of standing wheat plants
is illuminated along the horizontal direction (broadside),
the loss factor of the layer varies from about 23 dB for
vertical polarization down to about 1 dB for horizontal po-
larization. The results of this experiment, which was con-
ducted at X-band (= 10 GHz), point out the important role
that polarization can play in both the propagation through
and backscattering from a vegetation canopy. Similar con-
clusions were reached by Allen and Ulaby [4] on the basis
of attenuation measurements of wheat canopies and a
uniaxial crystal model which was used to account for the
polarization dependence of the canopy extinction coeffi-
cient.

This study extends the results of the preceding investi-
gations by examining the canopy loss factor at three mi-
crowave frequencies (1.55, 4.75, and 10.2 GHz), for both
horizontal and vertical polarizations, at two widely sepa-
rated incidence angles, and at more than one stage of
growth. In addition, both a wheat-decapitation experiment
and a soybean-defoliation experiment were conducted in
an attempt to evaluate the relative contributions of the var-
ious canopy constituents to the total loss factor of the
canopy.

II. EXPERIMENTAL PROCEDURE

The source of the electromagnetic energy used in these
measurements was a set of L-, C- and X-band FM-CW
radars mounted on a boom truck; their center frequencies
were 1.55, 4.75, and 10.2 GHz, respectively. The radars
were mounted on a positioner to allow flexibility in the
selection of incidence angles. The receiver, which was
placed on the ground surface beneath the canopy, con-
sisted of antennas for L-, C-, and X-band, amplifiers for
C-band and X-band, a detector, a wide-dynamic-range
power meter, and a chart recorder. The antennas, ampli-
fiers, and detector were mounted on a “sled,” which was

0196-2892/85/0900-0746301.00 © 1985 IEEE
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Fig. 1. Configuration used to measure canopy attenuation.
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Fig. 2. Geometry of the problem.

pulled along fiberglass rails in synchronism with the boom
truck. Fig. 1 illustrates the setup, and Fig. 2 delineates
the geometry of the problem. The L-band antenna was a
microstrip patch antenna, and the C- and X-band antenna
was a 4-18 GHz quad-ridged horn. The transmitting an-
tennas had narrow beamwidths (3° at 10.2 GHz, 5° at
4.75 GHz, and 9° at 1.55 GHz) and the receiving antennas
had wide beamwidths (greater than 40°). The C-band and
X-band measurements required separate battery-powered
amplifiers with approximately 25 dB of gain to ensure that
signals remained above the noise floor under maximum
attenuation conditions. The dynamic range of the detector
and power-meter combination was 50 dB. The power me-
ter had an analog output, which was used to drive the chart
recorder.

Vegetation was cleared at each end of the fiberglass rails
to provide a free-space reference for the measurements.
A standard measurement included approximately 6 m of
vegetation. The recorded data were digitized into inter-
vals corresponding to approximately 14 cm and then av-
eraged. In all cases, the 99-percent confidence limits (in

C-band, 6= 56°

— 3048 —

VY Polarization

Py

H Polarization

| 1548 4

Fig. 3. Records of the canopy loss factor L of a wheat canopy for horizontal
and vertical polarization at 4.75 GHz and 6 = 56°.

decibels) were less than +0.15 of the mean value (in
decibels) estimated from the digitized record. Fig. 3 shows
sample records for vertical (V) and horizontal (H) polar-
izations for a wheat canopy measured on day-of-year
(DoY) 135. The mean values of canopy loss are 27.4 dB
for V polarization and 9.4 dB for H polarization. Similar
records are shown in Fig. 4 to illustrate the role of fre-
quency: the mean values of canopy loss increased from 7.4
dB at 1.55 GHz to 36.0 dB at 10.2 GHz.

III. WHEAT DaATA

The wheat measurements were conducted at two widely
separated sites within a single wheat field. Site W, was
used for the frequency, angle, and polarization studies,
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Fig. 4. Records of the canopy loss factor L for wheat at 1.55, 4.75, and 10.2
GHz.

whereas site W, was used for a wheat decapitation exper-
iment. Attenuation measurements were performed at site
W, on days 135 and 158 and at site W, on DoY 150. A
summary of the canopy parameters measured in support
of the microwave measurements is given in Table I.

In all cases, the quantity measured is the canopy loss
factor L;(8)

hsec
L;8 = 10 log [exp (So k(O d§‘>} dB
hsecl
=4.34 g (9, i =V orH polarization
0

where «;(Np m™') is the ith-polarized extinction coeffi-
cient for propagation along the { direction (see Fig. 2),
and h is the height of the canopy. Since { = z sec 8

h

K; (0, Z) dz.

L) = 4.34 sec 6 So

To factor out the dependence of L;(f) on the excess path
length resulting from the oblique incidence, we define the
modified loss factor as

h
a e

L sec 0 0

«; (8, 2) dz.

For a uniform canopy with isotropic attenuation proper-
ties, x; is independent of both polarization and incidence
angle, which means that L; would be similarly indepen-
dent.

A. Frequency Behavior

The measured frequency variation of L] is shown in Fig.
5. We note the following observations:

1) If the wheat canopy had been an isotropic layer, the
the four frequency plots would have been coincident. Tt
fact that L] is as much as one order of magnitude larger :
6 = 56° than at 6 = 24° in some cases (4.75 GHz, -
polarization) is a clear indication that the canopy is highl
anisotropic.

2) At 8 = 24°, the differences between Lj; and Ly ar
small and are statistically insignificant at all three fre
quencies and for both canopy conditions.

3) At 8 = 56°, Ly is always larger than Lj;, and fc
reasons that are not immediately obvious, the differenc
is largest at C-band.

The observed variation of L; with 8 is consistent wit
the assumption that the anisotropic behavior is related t
the vertical structure of the stalks. For example, at § :
0°, Ly should be equal to Lj;. As 8 increases, the electri
field vector maintains its orientation relative to the stalks
orientation for H polarization, but for V polarization th
component of the electric field vector parallel to the ve:
tical stalks increases as sin 6.

B. Temporal Variations

Between DoY 135 and DoY 158, the canopy increase
in height from 0.73 to 1.16 m and acquired new. head:
each approximately 8 cm in length. The green-leaf are
index (LAI), however, decreased from 8.0 to 4.0, and th
plant water content decreased from 82.9 to 73.3 perce:
(by wet weight). The attenuation properties of the whe:
canopy on the preceding two dates are compared in Fij
6. We observe that for all three frequencies and both pc
larizations, L; either remains constant or decreases i
magnitude between days 135 and 158, even though canop
height increased by a factor of 1.6 during this perioc
Clearly, the increase in height is of minor consequence (i
terms of its effect on canopy loss) relative to the effects ¢
the decrease in LAI by a factor of two and the presenc
of the heads on DoY 158 (and their absence on the earli¢
date).

C. Wheat Decapitation Experiment

Fig. 7 compares the canopy loss factor L; as measure
before and after the wheat canopy was decapitated. B¢
cause of the uneven height distribution of the wheat plant:
the decapitation process not only cut off the wheat head:
it also cut off part of the stalks. As a result, the decap
tated wheat canopy was only 70 cm in height (compare
to 111 cm prior to decapitation). The change in loss as
result of decapitation is insignificant at L-band and is mo:
significant at X-band for V polarization.

IV. SoYBEAN Data

The soybean measurements were conducted at a singl
site on days 181 and 188. Comparing the canopy data in
dicates that all parameters varied by less than 20 percen
including the attenuation measurements. Hence, only th
canopy data acquired on DoY 188 are given in Table Il
and the corresponding microwave data are shown in Fig
8. The general behavior of L] is similar to that observe
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TABLE 1
SUMMARY OF WHEAT CANOPY PARAMETERS
Day of Year 135 150 158
Mean Canopy Height (m) 0.73 1.11 (0.70 Decapitated) 1.16.
Head Lenyth {m) -- 0.08 0.08
Row Spacing (m) 0.15 0.1% 0.15
Density (stems/m?2) 1694 1027 1694
Top 1/3 Leaf Hx0 80.0% (1.46 kg/m?) 68.9% (0.1R kg/m?) 72.6% (0.46 kg/m?)
Mig 1/3 Leaf H,0 80.2% (0.71 xg/m?) 52.1% (0.15 kg/m?) 53,7% (0.15 kg/m?)
Low 1/3 Leaf Hy0 81.1% (0.11 kg/m?) R.3% (0.00 kg/m2) 47.8% (0.07 kg/m?)
Top 1/3 Stalk Hy0 86.1% (1.19 kg/m?) 65.8% (0,41 kg/m2) 75.7% (0.87 kg/m?)
Mid 1/3 Stalk H,0 84,12 (1.56 kg/m?) £9.0% (0.75 kg/m?) 78.2% (1.49 kg/m?)
Low 1/3 Stalk Hy0 83.8% (1.46 kg/m2) 63.4% (0.43 kg/m?) 72.9% (1.00 kg/m?)
Head M,0 -- 82.2% (1.11 kg/m?) 72.5% (1.13 kg/m?)
L123 Leaf Hy0 80.1% (2.28 kg/m?) 55.2% (0.33 kg/m?) 64.0% (0.69 kg/m2)
L123 Stalk H,0 84.6% (4.1 kg/m2) 66.6% (1.59 kg/m?) 75.9% (3.36 kg/m?)
Whole Plant H,0 2.9% (6.49 kg/m?) 69.9% (3.03 kg/m?) 73.3% (5.18 kg/m?)
Leaf Area Index ~R.0 3.6 4.0
Growth Stage* 23 (Flag Leaf Visible) 34 (Kerncls Formed) 42 (Soft Nough)
Leaf Thickness (mm) 0.1% 0.1% 0.15
Stem Diameter (mm) 2.00 2.00 2.00
Look Direction Perpendicular to Rows Perpendicular to Rows Perpendicular to Rows
Receiver Height (m) 0.10 0.22 0.10
*LACIE Crop Inventory System
g 40
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Fig. 5. Plots of the modified loss factor L' = L cos 8 for wheat on (a) DoY
135 and (b) DoY 158.

:arlier for the wheat canopy (Fig. 5), although the role of
»olarization is not as outstanding as it was for wheat.
Shortly after the attenuation measurements were made
m DoY 188, the soybean canopy was defoliated (by cut-
ing and removing the leaves) and another set of mea-
lurements was made. The change in canopy loss due to

Fig. 6. Comparison of the wheat loss factor data for DoY 135 and DoY 158
for (a) horizontal polarization and (b) vertical polarization.

defoliation was negligible at L-band (Fig. 9), somewhat
significant for H polarization at C-band, and very signifi-
cant for H polarization at X-band. Based on these data, we
arrived at the following conclusions:

1) For V polarization, the leaves are secondary in im-
portance to the stalks and branches of the soybean canopy.
Assuming the total attenuation to be the algebraic sum of
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Fig. 7. Comparison of the wheat loss factor data before and after decapi-
tation for (a) horizontal polarization and (b) vertical polarization.

TABLE 11
SUMMARY OF SOYBEAN CANOPY PARAMETERS
Day of Year 1RR
Mean Canopy Height (m) - Low Angle (16°) 0.65
Mean Canopy Height (m) - Migh Angle (52°) 0.61 (0,54 Nefoliated)
Row Spacing (m) 0.77
Row Width (m) 0.64

Density (plants/m2)
Leaf Hzo

Main Stem H,0
Secondary Stem Hy0

42.0 (51.6)*

72.1%* (0.62 kg/m?)*
78.5%* (0.58 kg/md)*
81.7%* (0.60 kg/m2)*

Whole Plant H,0

77.29* (1.80 kg/m2)*

Leaf Area Index (m2/m?2) 4.6 (5.5)*

Mean Main Stem Length (m) 0.44

Mean Secondary Stem Length (m) 0.22

Mean Secondary Stems per plant 11.1

Growth Stage*+ 32 (Full Bloom)

Leaf Thickness (mm) 0.2

Main Stem Diameter (mm) 5.6

Secondary Stem Niameter (mm) 1.9

Look Direction Perpendicular to Rows
Receiver Height (m) 0.13

* Vegetated portion of field only (percent cover ~837)

** LACIE Crop Inventory System

an attenuation component due to the leaves and another
due to the support structure (i.e., ignoring the attenuation
loss resulting from the interaction between the leaves and
the branches), the defoliation exercise resulted in a reduc-
tion of attenuation by about 10 percent at L-band and C-
band and 30 percent at X-band.

2) For H polarization, the loss contribution attributed
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Fig. 9. Comparison of the soybean loss factor data before and after defo
liation for (a) horizontal polarization and (b) vertical polarization.

to leaves was about 50 percent of the total loss at L-ban
and C-band and 70 percent of the total loss at X-band.

V. ATTENUATION MODELS

A vegetation canopy is a dielectric mixture consistin,;
of discrete dielectric inclusions (such as leaves, stalks, ane
fruit) distributed in a host material (air). Because the di
electric inclusions are nonspherical, the canopy is an in
homogeneous anisotropic medium. Propagation throug|
such a medium is subject to both absorption and scatterin;
losses.

Because of the highly complex shapes and distribution
of the canopy inclusions, it is very difficult to develop
deterministic model for wave propagation through a veg
etation canopy. A probabilistic approach may be used whe:
sufficient knowledge is available about the sizes, shapes
and orientation distributions of the inclusions. In most sit
uations, such information is not available, however. Hence
we shall simplify the solution by making the followin:
assumptions:
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TABLE 111
SUMMARY OF ESTIMATED WHEAT LEAF AND STALK DIELECTRIC CONSTANTS
ON DAY OF YEAR 158

Plant Part L-Band C-Band X-Band

Stalk 27-33 30-j10 24-311

Leaf 27-310 17-35 14-37

1) The vegetation canopy may be treated in terms of an
equivalent medium with homogeneous dielectric proper-
ties. The usual approach to estimating the equivalent di-
electric constant of the canopy involves the use of dielec-
tric mixing models. Such models usually are based on the
assumption that the inclusions are much smaller than a
wavelength in size. Since this condition is often violated
at microwave frequencies, the validity of the results is open
to question.

2) Scattering losses are ignored. This is a consequence
of the preceding assumption. Being mostly water, vege-
tation material is highly absorptive, and absorption is
likely to be the dominant loss factor at decimeter wave-
lengths; however, at X-band, no information is available
either to support or refute such an assumption.

3) If the canopy consists of more than one type of in-
clusion, it will be assumed that there is no interaction be-
tween the different types of inclusions; thus, the absorp-
tion 16ss for each may be calculated separately and then
summed to obtain the total canopy attenuation.

Starting with these assumptions, the following models
were developed for the wheat and soybean canopies.

A. Wheat Attenuation Model

Wheat will be modeled as vertical stalks having ran-
domly oriented leaves. Based on the results of the wheat
decapitation experiment, the wheat head will be consid-
ered part of the stalk. Table III provides a summary of the
dielectric constants of the wheat stalks and leaves. These
values were established using the dielectric measurements
reported in Ulaby and Jedlicka {2] and the moisture con-
tent values listed in Table I.

The loss factor of the wheat canopy is taken as the sum
(in decibels} of the stalk and leaf loss factors

Li(® = L®) + L'®) dB

where the superscripts st and / denote stalk and leaf, re-
spectively, and i is either V or H polarization.

1) Vertical Stalk Absorption Loss Factor: The wheat
stalks will be modeled as a uniaxial crystal [4]. The model
applies to a canopy of thin vertical stalks whose diameter
is much smaller than the wavelength A\, where A\ =
No/ Je_;, is the wavelength in the stalk material, and ¢, is
its relative permittivity. The applicability of this model
therefore depends upon the stalk’s diameter, its water con-
tent, and the signal wavelength A\,. Although the model
will not be strictly applicable at X-band, it will be used to
provide an estimate of the stalk absorption loss. Upon

adapting the expressions given by Allen and Ulaby [4] to
the problem, we have

L) = 8.68 a;h sec § dB
Im {Ve ),

27 fori =

N

H polarization

[[Im {Ve,|} cos’ 8
+ |Im {Ve.}| sin? 6],

o; =

fori =V

=1+ th(fsr -1

€ =1+2V, <E“ - 1)
€ + 1

where ¢, is the stalk’s complex dielectric constant, and V,,
is the volume fraction of the stalks in the canopy (which
can be calculated from the canopy information given in
Table I).

2) Random Leaf Absorption Loss Factor: Assuming the
leaves to be randomly distributed in both location and ori-

entation, we arrive at the following approximate expres-
sion [5]:

s 27

L'(#) = 8.68 <3)\0

where ¥/ is the volume fraction of the leaves in the canopy,
and ¢/’ is the dielectric loss factor of the leaf material.

3) Comparison With Measurements: The preceding
expressions were used in conjunction with the data given
in Tables I and III to compute the loss factor L;(§) for i =
V and H polarization at § = 24° and 56°. Table IV com-
pares the calculated and measured values for DoY 158.
The uncertainty (1) associated with each model-calcu-
lated loss value was determined by assuming that, in the
worst case, stalk diameter and leaf thickness could be de-
termined within only + 20 percent and that the vegetation
density and dielectric constant could be determined within
+ 10 percent. The uncertainty associated with the mea-
sured values includes a + 10 percent estimated accuracy
error plus the precision estimates calculated from the dig-
itized records.

An examination of the data reveals overlapping among
the bands of the measured and calculated values for all of
the V-polarization cases but none of the H-polarization
cases. In all cases, the model underestimates the stalk
term for H polarization. This is attributed to the assump-
tion that all of the stalks and heads are vertically oriented,
whereas a more reasonable assumption would have been
that the stalks have a narrow orientation distribution cen-
tered around the vertical direction.

Similar observations were noted from analysis of the
data for days 135 and 150.

B. Soybean Attenuation Model

The soybean canopy will be modeled as vertical stalks
(primary stems), randomly oriented stalks (secondary

Viel' h sec 0)
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TABLE IV
PREDICTED VERSUS OBSERVED ATTENUATION DATA FOR WHEAT ON DAY OF
YEAR 158
FREQUENCY ANGLE P:(SDEL P:ODEL MODEL MEASURED
{GHz)  POLARIZATION (°) L>"(dB) L%(dB) L(dB) L(dB)
1.55 v 24 0.5+ 0.3 0.6 + 0.2 1.1+ 0.5 1.3+0
1.55 H 20 00: 00 06:02 06: 03 134095
4.75 v 24 4.2: 2.8 0.9:05 513 3.3 54=:1.3
4.75 H 24 0.1+ 0.1 0.9 + 0.5 1.0 ¢ .6 3.7 £ 0.8
10.20 v 24 10.1 + 6.6 2.9 + 1.2 13.0+ 7.8 10.9 £+ 2.9
10.20 H 24 0.3+ 0. 2.9+ 1.2 3.2+ 1.4 9.4 + 2.1*
1.55 v 56 2.9+ 1.9 1.5 £ 0.3 4.4+ 2.2 7.1 £ 1.1
1.55 H 56 0.0+ 0.0 1.5 £ 0.3 1.5+ 0.3 2.6 £ 0.9*
4.75 v 56 27.9 + 18.4 1.6 £+ 0 29.5 + 19.1 17.8 + 1.6
4.75 H 56 0.2+ 0.2 1.6 £+ 0.7 1.8+ 0.9 6.0 £ 1.3*
10.20 ) 56 67.2 + 43.7 5.0 + 2.0 72.5 + 44.7 36.1 + 3.7
10.20 H 56 0.6 + 0.4 5.0 +2.0 5.6+ 2.4 26.7 + 3.6*
*Model and measured bands non-overlapping.
TABLE V
SUMMARY OF ESTIMATED DIELECTRIC CONSTANTS FOR SOYBEANS ON DAY OF
YEAR 188
Plant Part L-Band C-Band X-Band
Primary Stem 31-33 38-j14 30-j15
Secondary Stem 35-j4 40-j15 35-j18
Leaf 27-310 18-j6 16-j7
TABLE VI
PREDICTED VERSUS OBSERVED ATTENUATION DATA FOR SOYBEANS ON DAy
OF YEAR 188
FREQUENCY . ANGLE MODEL MODEL MODEL MODEL MEASURED
(GHz) POLARIZATION  (°) L5%(a8) L"%(d8) L%(dB) L(dB) L(dB)
1.55 v 16 0.0 =+ 0.0 0.1 0. 1.1 £+ 0.5 1.2+ 0.6 2.6 + 0.5*
1.55 H- 16 0.0 + 0.0 0.1 0.1 1.1 £ 0.5 1.2+ 0.6 0.8 £+ 0.3
4.75 v 16 0.3 £0.2 0.7 £ 0.6 2.0 £ 0.9 3.0« 1.7 3.8+0.8
4.75 H 16 0.0 £ 0.0 0.7 £ 0.6 2.0 £ 0.9 2.7+ 1.5 3.6 £ 0.6
10.20A v 16 0.8 £ 0.6 1.7 2 1.5 5.0+ 2.2 7.5+ 4.3 7.8+1.5
10.20 H 16 0.1 +£0.1 1.7 £ 1.5 5.0 +£2.2 6.8+ 2.8 10.9:1.8
1.55 v 52 0.2 £+ 0.1 0.1 +0.1 1.7 £ 0.8 2.0+ 1.0 2.6 + 0.5
1.55 H 52 0.0 £+ 0.0 0.1 +0.1 1.7 £ 0.8 1.8+ 0.9 0.7 +0.4
4.75 v 52 3.7 £ 2.5 1.0 - 0.8 3.2+ 1.4 7.9 ¢ .9 9.9 + 1.6
4.7% H 52 0.0 = 0.0 1.0+ 0.8 3.2+1.4 4,1+ 2.2 3.1 0.5
10.20 ) 52 8.4 +6.1 2.5 2.1 7.8+ 3.5 18.7 +11.7 12.5:2.6
10.20 H 52 0.1 +£0.0 2.5+ 2.1 7.8+3.5 104+ 5.6 12.1:1.9
*Model and measured bands non-overlapping.
stems), and random leaves. The canopy loss factor is given rs 8.687
b L) = €"h sec 0
Y No

_ t rs {
Li® = Li@) + L") + L'®) dB where €” is the equivalent dielectric loss factor of the can.
where L”(6) accounts for the absorption by the secondary opy attributed to the random stalks. Assuming that th
stalks and is given by random stalks are thin needles, the Polder-Van Sante:
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Fig. 10. Comparison of the measiired and computed values of the loss fac-
tor for soybeans. The vertical bands represent cohfidence intervals of + 1
standard deviation.

mixing formula [6] gives

Vrs (Ers — 1)(5 + Ers)
3(1 + ¢y)

where V,, is the volume fraction of the random stalks in
the canopy, and e, is its dielectric constant. The dielectric
constants given in Table V were calculated on the basis of
the data in Table II and the dielectric relations reported in
Ulaby and Jedlicka [2]. The calculated values of the in-
dividual terms of the total loss factor are given in Table
VI, where they are compared to the measured values. Ac-
cording to Fig. 10, which displays the same information
for V polarization in graphical form, excellent agreement
is obtained between the calculated and measured values
of the canopy loss factor. We also observe that the models
are very sensitive to the model parameters as exemplified
by the large extent of the vertical bands associated with
the calculated values of the loss factor; the band repre-
sents an uncertainty of +20 percent of the ground-truth
parameters around the measuréd values.

' ;.M

€ =€ =1+

IV. CONCLUDING REMARKS

This study has established that vegetation canopies are
both highly nonuniform and anisotropic at microwave fre-
quencies. Although such a statement has often appeared
in the literature, modelers have frequently ignored the role
of the stalks in a canopy and have modeled emission and
backscattering as being due to leaves only. The large dif-
ferences between the vertical- and horizontal-polarization
measurements of canopy attenuation clearly indicate that
the relative importance of ground emission and backscat-
tering is polarization dependent.
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Relating Polarization Phase Difference of SAR
Signals to Scene Properties

FAWWAZ T. ULABY, reLLow, IEEE, DANIEL HELD, mMemBER, IEEE, MYRON C. DOBSON,
MEMBER, IEEE, KYLE C. McDONALD, MEMBER, IEEE,
aNnD THOMAS B. A. SENIOR, FELLOW, IEEE

Abstract—This paper examines the statistical behavior of the phase
difference A ¢ between the HH-polarized and VV-polarized backscat-
tered signals recorded by an L-band SAR over an agricultural test site
in Illinois. Polarization-phase difference (A ¢) distributions were gen-
erated for about 200 agricultural fields for which ground information
had been acquired in conjunction with the SAR mission. For the over-
whelming majority of cases, the A¢ distribution is symmetrical and
has a single major lobe centered at the mean value of the disstribution
A¢. Whereas the mean A¢ was found to be close to zero degrees for
bare soil, cut vegetation, alfaifa, soybeans, and clover, a different pat-
tern was observed for the corn fields; the mean A ¢ increased with in-
creasing incidence angle 6 from about zero at § = 15° (near-range of
the image) to about 140° at 6 = 35°. The explanation proposed for this
variation is that the corn canopy, most of whose mass is contained in
its vertical stalks, acts like a uniaxial crystal characterized by different
velocities of propogation for waves with horizontal and vertical polar-
ization. Thus, it is hypothesized that the observed backscatter is con-
tributed by a combination of propagation delay, forward scatter by the
soil surface, and specular bistatic reflection by the stalks. Model cal-
culations based on this assumption were found to be in general agree-
ment with the phase observations.

I. INTRODUCTION

HORTLY before its destruction with the NASA CV-

990 aircraft on July 17, 1985, the JPL L-band SAR
was configured to record both the amplitude and phase of
the backscattered signal for each of the four linear polar-
ization configurations (HH, HV, VV, and VH). The sig-
nals actually were recorded in complex notation from
which their amplitudes and phases could be computed.
The availability of phase information allowed the gener-
ation of polarization-phase-difference (PPD) images de-
fined as follows. For a given image pixel, the received
HH and VV signal voltages are given by

vy = A}[ejd’H (la)
vy = Aye’® (1b)

where Ay and Ay are the amplitudes of Vy and Vy, re-
spectively, and ¢y and ¢y are their phases. The phases
are measured with respect to a reference internal to the
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radar system. The quantity of interest is the polarization
phase difference A ¢, which is obtained from the product

(2)

UHU{l; = AHAvejAd,
where
Ad = ¢y — ody. (3)

An example of a polarization phase-difference image
(PPD) that was generated from a pair of four-look HH and
VV complex images is shown in Fig. 1. The intensity (or
brightness) of a given pixel is proportional to the magni-
tude Ay of the backscattered signal corresponding to that
pixel. The color of the image pixel corresponds to A¢ in
accordance with the scale indicated in the lower part of
the image; the color purple corresponds to A¢ = 0°, yel-
low corresponds to A¢ = —180°, and cyan corresponds
to A¢ = 110°. Actually, the color assignment was made
by setting the average value of A ¢ of all pixels in the first
five azimuth rows of the image equal to zero. In the image
in Fig. 1, the first azimuth row corresponds to an angle
of about 15° from normal incidence. Unless a target is
azimuthaly unsymmetric, its backscattering properties
should be identical for HH and VV polarizations at nor-
mal incidence. Hence, A ¢ is expected to be =0° at and
near normal incidence for most distributed targets. Con-
sequently, in the near-range part of the image wherein
6 = 15°, it is expected that the majority of the pixels
exhibit values A ¢ in the neighborhood of 0°. In the color
image, this expectation corresponds to having the near-
range azimuthal strip take on a uniform color across the
image. This is indeed the case for the image shown in Fig.
1 as demonstrated by the purple strip extending between
6 = 15° and 6 = 20°. This behavior has been observed
also for all other A ¢ images generated by the JPL L-band
SAR.

The rationale for using the average A ¢ of the first five
near-range azimuth rows as reference is because the L-
band SAR system had not been calibrated to measure A ¢
on an absolute scale. Thus, in a sense, the above proce-
dure represents an approach for converting relative values
of A¢ to absolute values.

Another point worth making relates to the use of Ay Ay
to modulate the intensity of the image. Although the focus
of this study relates to an examination of A¢, which in-

0196-2892/87/0100-0083801.00 © 1987 IEEE
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Fig. 1. Polarization-phase-difference image of an agricultural test site near
McComb, Illinois. The image was generated by an L-band SAR that was
flown by JPL on the NASA CV 990 aircraft. The color of a given pixel
is related to the phase difference A¢, and its intensity is related to the
HH-polarized backscattered power.

deed is the primary parameter displayed in the color im-
age, the use of intensity modulation was incorporated in
the generation of the PPD images because the intensity
represents information about the strength of the backscat-
tered signal. In our forthcoming discussion, however, at-
tention will be limited to the phase information (color)
only. Specifically, the goal of this paper is to examine the
relationships, if any exist, between the phase difference
A ¢ of the signals corresponding to a given pixel, orto a
collection of pixels, and the physical properties of the
scattering target giving rise to the measured signals. To
that end, we shall first describe the scene corresponding

to the image in Fig. 1, and then follow it up with a pro-
posed hypothesis to explain the relationship observed be-
tween the color of a field (i.e., its A¢) and its ground
cover.

II. IMAGE AND SITE DESCRIPTION

The image presented in Fig. 1 was generated from mul-
tipolarized data that were acquired by the NASA/JPL L-
band SAR (operating at 1.225 GHz) over a largely agri-
cultural test site near Macomb, Illinois. The data acqui-
sition was made in conjunction with the Shuttle Imaging
Radar (SIR-B) experiment in October 1984. An extensive
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set of ground measurements were obtained throughout the
test site and include biophysical and soil measurements of
approximately 400 agricultural fields. The SAR data was
digitally processed and recorded to produce four-look im-
ages with a pixel size of approximately 11 m in azimuth
and 7.5 m in slant range (which corresponds to a ground
range resolution of 29 m in the near range (at § = 15°)
decreasing to 9 m in the far range (at § = 55°).

A. Test Site Description

The test site comprised an irregular area of roughly 250
km? within which approximately 400 agricultural fields
were surveyed for ancillary data pertaining to physical and
biophysical scene conditions. Extensive survey data in-
cluded crop type, height, density, row direction, row
spacing, and surface roughness.

Approximately half of the fields were sampled several
times over a one-week period for canopy wet and dry
biomass on a plant component basis (i.e., leaves, stalk,
cob, and surface organic litter). Dry biomass was ob-
tained after oven drying to equilibrium at 70°C. Addi-
tionally, roughly 200 fields were monitored daily for near-
surface soil moisture conditions using a coring technique.
On October 10, 1984, the average 0-5-cm soil moisture
ranged from 0.18 to 0.40 g /cm’ on a per field basis with
a site mean of 0.28 + 0.05 g /cm®. An informal network
of 56 raingauges operated by local farmers indicated
widespread, but nonuniform, daily rainfalls of 0.2 to 0.5
cm and associated pre-dawn fog for the period from Oc-
tober 6 through 11.

Roughly 50 percent of the agricultural acreage con-
tained corn with a 76-cm row spacing. In early October,
the corn was harvest-ready with an average maximum
height of 280 cm. In addition, the area had experienced
widespread and occasionally severe infestations of Euro-
pean corn borer (Ostrinia Nubilalis). One effect of corn
borer damage is to weaken the stalk and cause it to break
(at a 170-cm height) and either topple to the ground or
remain hinged at the breakpoint. Approximately 15 per-
cent of the corn had been harvested prior to the October
10 aircraft data analyzed herein.

Unharvested corn fields were typically characterized by
a relatively smooth soil surface with rms height variations
o on the order of 1.0 cm. The average quantity of water
contained in plant material is determined by the difference
between the wet and dry biomass of a particular canopy
component. For corn, } to § of the water was located in
the stalks, and the remainder is evenly split between the
cobs and senescent leaf material.

Soybeans had been planted on 43 percent of the test site
acreage. In early October, the soybeans were senescent
and harvest-ready with a 100-cm average maximum height
and a 76-cm row spacing. The remaining crop acreage
was comprised of alfalfa, clover, and pasture of variable
heights and biomass densities. The soil surface was al-
ways smooth (i.e., ¢ << 1 cm). Canopy heights ranged
from 5 to 30 cm and plant water densities varies from 0.4
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Fig. 2. PPD distribution for the first five lines of the image (corresponding
to 6 = 15°).

to 2.2 kg of water per square meter with an average of
1.22 kg /m?.

B. PPD Distributions

1) Reference Distribution: Several bare soil and veg-
etation-covered fields were selected to examine the PPD
statistics. Most fields were comprised of about 400 pixels.
Fig. 2 shows the PPD distribution p (A ¢) for the first five
near-range azimuth rows of the image. The mean value
A ¢ is, of course, equal to zero because it was used as the
zero reference for the whole image. The standard devia-
tion g, represents the variability in ¢ attributable to the
stability of the measurement system and to factors related
to the antenna patterns and polarization purity of the V
and H ports; at 6 = 15°, it is very unlikely that the ob-
served PPD for a given pixel is target related.

2) Bare-Soil Distribution: Fig. 3(a) and (b) shows PPD
distributions for two bare-soil fields; one of them had been
disked and the other one had been plowed prior to the
flight. Both distributions have means A close to zero,
but their standard deviations are very different. This dif-
ference is presumably related to the size and slope distri-
butions of the soil clods; however, it is premature to spec-
ulate on how to relate these PPD distributions to the
roughness parameters of the soil surface.

3) Vegetation-Cover Distribution: To examine the role
of vegetation cover with regard to A ¢, we start by show-
ing a distribution for a soybean stubble field in Fig. 4(a]
and for a field of standing soybean plants in Fig. 4(b).
Although the two distributions have very different stan-
dard deviations, the mean values of both distributions are
close to zero degrees. In fact, the mean value A¢ was
found to be within +25° of zero for all targets in the scene
with the exception of fields of standing corn plants.

In contrast to the preceding examples all of which ex-
hibited distributions with zero means regardless of the in-
cidence angle, the PPD distributions for standing corn hac
non-zero means and exhibited a specific dependence on 6.
Two examples are shown in Fig. 5. The first one corre-
sponds to § = 20° and its mean value A¢ is 9°, whereas
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Fig. 3. PPD distribution for (a) plowed and (b) disked bare soil fields.
Both distributions have means close to zero, but the distribution of the
disked field has a much wider standard deviation.

the second one corresponds to § = 50° and its mean value
is about 110°. When the distributions were generated and
their means computed for several other fields of corn, we
obtained the results shown in Fig. 6, which depicts the
variation of the mean PPD, A¢, versus the incidence an-
gle 6. We observe that A¢ starts at a value close to zero
for & = 18°, increases rapidly with increasing 8 to about

140° at § = 35°, and then decreases slowly as 6 increases
beyond 40°.

III. PROPAGATION THROUGH AN ANISOTROPIC MEDIUM

The purpose of this section is to propose a mechanism
that may possibly explain the observations discussed in
the preceding section. Let us first summarize these obser-
vations:

1) Relative to the selected reference, namely the near-
range strip of the image corresponding to § = 15°, all
bare fields, stubble fields of corn and soybeans, fields of
standing soybeans, and green alfalfa fields exhibit PPD
distributions with means A¢ within +25° of 0°.

2) Among all the targets in the image, the corn fields
are the only ones having distributions with A¢ > 25°.

3) A¢ of com increases rapidly with increasing 6 be-
tween § = 20° and 6 = 35°.
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Fig. 4. PPD distributions for (a) soybean stubble and (b) standing soy-
beans. Note the large standard deviation of the soybeans distribution.
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Fig. 5. PPD distributions for two corn fields, one observed at § = 19°
(relative to nadir) and the other at 8 = 50°. The mean values of the

distributions are 9° for the near-range field and 110° for the far-range
field.

Recalling the definition of A¢ = ¢y — ¢y, we note
that in order for the phase difference to be different from
zero, at least one of the following conditions should be
satisfied: 1) the phase difference is caused by the scatter-
ers in the target, 2) A ¢ is due to time delay resulting from
the condition that the scatterers dominating the VV-po-
larized backscatter are at a range (from the radar antenna)
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Fig. 6. Variation of the mean value A¢ with incidence angle 9 for fields
of standing corn. The data points are based on distributions extracted
from the digital-equivalent of the image in Fig. 1.

different from that for those dominating the HH-polarized
backscatter, or 3) A¢ is due to time delay resulting from
the condition that the phase velocity in the vegetation can-
opy for V polarization is different from that for H polar-
ization.

Before we examine these possibilities in more detail,
we should consider another piece of important informa-
tion. According to the study reported by Dobson and
Ulaby [1], SIR-B observations of the Illinois site (which
covered the same fields shown in Fig. 1 and were made
on the same day as the aircraft observations from which
Fig. | was produced) indicate that the backscattering coef-
ficient ¢° of comn fields was highly correlated to their soil
moisture content and exhibited a soil-moisture sensitivity
comparable in magnitude to that observed for bare-soil
fields. This response supports the contention that the
backscattered energy was directly related to scattering by
the soil surface and that the canopy is a low-loss medium.
In their study, Dobson and Ulaby [1] examined three scat-
tering mechanisms: 1) direct backscattering from the corn
plants (see Fig. 7), 2) direct backscattering from the soil
surface (including two-way attenuation by the canopy),
and 3) indirect scattering resulting from foward scattering
by the soil surface followed by bistatic scattering by the
plants, or the reverse process. These contributions are re-
ferred to as oy, 0qf, and aj, respectively. Dobson and
Ulaby [1] concluded that the total return was governed by
o and that the other two contributions were negligible in
comparison. A consequence of this conclusion is that the
total phase difference A¢ (between the HH and VYV sig-
nals) consists of three primary sources

A = A, + Ad, + Ad, (4)

where A ¢, is the phase difference due to two-way prop-
agation through the canopy, A¢; is the phase difference
due to Fresnel reflection by the soil surface, and A ¢,, is
due to bistatic scattering by the stalks. Among these quan-
tities, A ¢, is the easiest to compute. If py (6, €,) and pvy (6,

@ Direct Backscattering from Plonts

(@) Direct Bockscattering from Soll
(Includes Two-Way Attenuation by Conopy)

@ plont/soll Multipie Scattering

Fig. 7. Sketch of the three source terms contributing to the total backscat:
tering by the canopy/soil scene.

€;) are the Fresnel reflection coefficients for a plane soil
surface with relative dielectric constant ¢,, then

Im {PH/PV}
Re {PH/pV} (5

The 180° phase shift has been added to compensate for
the difference in sign between py and py at normal inci-
dence (6 = 0°). Expressions for the other two quantities,
A ¢, and A ¢y, are given by (A26) and (B6) in Appendices
A and B, respectively.

In deriving these expressions, the corn canopy was
modeled as a two-dimensional array of randomly located
vertical cylinders. The plant leaves were ignored because,
at the time of the radar observations, the leaves accounted
for only 12 percent of the total mass of a corn plant and
their average moisture content was about 0.1 (compared
to 0.3 for the stalks).

A¢, = tan”! [ } - 180°.

IV. COMPARISON OF THE MODEL WITH OBSERVATIONS

At the time of image acquisition, ground observations
were made for 89 fields of corn. The following average
values were determined: canopy height (excluding tassle)
= 2.5 m, stalk volume fraction = 4.8 X 107>, leaf vol-
ume fraction = 6.8 X 107*, stalk volumetric moisture
content = 0.3, leaf volumetric moisture content = 0.1,
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Fig. 8. Plots of the three phase-difference components, computed accord-
ing to equations (5), (A26), and (B6).

and soil volumetric moisture content = 0.28. Using the
soil dielectric model defined in [2], the soil dielectric con-
stant was set at e, = 15 — j2. Based on laboratory mea-
surements made for corn stalks as a function of moisture
content, it was estimated that the stalk dielectric constant
should be somewhere between ¢, = 6.5 — j0.3 and ¢, =
9 — j1. Fitting the model discussed in the preceding sec-
tion to the data resulted in ¢, = 6.5 — j0.5. The remain-
ing model parameters are the stalk diameter D and the
number density of stalks N. Both of these were specified
on the basis of direct field measurements.

Fig. 8 shows each of the three components of (4) plot-
ted as a function of the incidence angle 8 from 15° to 55°
Being less than 5°, the ground component A ¢, is incon-
sequential. The propagation component A ¢, is negative
and its magnitude increases monotonically with increas-
ing 6, which is in agreement with the results of direct
transmission measurements made for a canopy of com
plants using transmitters mounted on a truck-mounted
boom and receivers mounted on a rail system at ground
level [4]. The stalk bistatic scattering component, A ¢,
exhibits a very rapid change between 6 = 24° and 6 =
30°. The Brewster angle for Fresnel reflection off a sur-
face material with e = 6.5 — j0.5 is about 68°, whose
complement is § = 22°.

The combination of A¢, and A ¢, is reponsible for the
negative slope of A¢ versus 8 for 6 = 35° (see Fig. 9).
Overall, the model is in good agreement with the data; it
is important to note that the model calculations are based
on ‘‘average’’ field conditions and, as such, do not in-
corporate the natural field-to-field variability inherent in
the scene. Furthermore, based on an analysis of the po-
larization coupling properties of the antenna, it is esti-
mated that the error associated with the measurement of
A¢ is on the order of 6°-12°.

V. CONCLUDING REMARKS

The polarization phase difference observed for the corn
canopies is attributed to a combination of two primary
sources: 1) bistatic reflection by the vertical stalks and 2)
propagation delay between the H-polarized and V-polar-
ized waves as they travel through the canopy down to the

CALCULATED AND MEASURED PHASE DIFFERENCE
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Fig. 9. Comparison of model-calculated polarization phase difference (sum
of the three components shown in Fig. 8) with data extracted from the
image in Fig. 1.

soil surface and back (subsequent to specular reflections
by the soil surface and the stalk, in either order). An im-
portant condition that needs to be satisfied in order for the
polarization phase difference to be significantly different
from zero is for the primary source of the backscattered
signal to be the result of forward scattering by the soil
surface and the vertical stalks. This condition, in turn,
requires that the canopy medium be a relatively low-loss
medium, which was satisfied in this case by the fact that
the observations were made late in the growing season
(the leaves were essentially dry).

APPENDIX A
EQuUIVALENT MEDIUM MODEL

This appendix provides the formulation for the propa-
gation constant <y of the corn canopy. The canopy is mod-
eled as a slab-like region consisting of identical vertically
oriented cylinders (the stalks). The cylinders point in the
z direction; they are randomly positioned in the x-y plane;
and for the purposes of this treatment, the slab extends
fromx = —d/2tox = d /2. First, we shall consider the
case where the slab is illuminated by a normally incident
plane wave propagating in the x direction, as shown in
Fig. 10, and then we shall generalize the expression for
~ to the case where incidence is at any angle 6 relative to
the —z direction.

A. Horizontal Propagation (8 = 90°)

We consider the layer in Fig. 10 to contain N cylinders
per unit area. The cylinders are sufficiently far apart to
allow us to ignore multiple scattering, but not so far apart
laterally to force us to consider other than forward scat-
tering, and the cylinders are sufficiently long compared to
the wavelength \ to be considered infinite in extent. With
plane wave illumination incident as shown in the figure,
we seek an expression for the transmitted field U(P) at a
point P (xo, 0) located well beyond the layer (i.e.., Pisin
the far-field of the scattering cylinders). The field U(P)
stands for the electric field E(P) if the incident wave is
vertically polarized (TM ) and for the magnetic ficld H(P)
if the wave is horizontally polarized ( TE ).

The total field at P consists of an unscattered compo-
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Fig. 10. Top view of the canopy. The solid circles represent the vertical
stalks.

nent due to the incident wave U, and a component due
to forward scattering by the cylinders U,.. Relative to the
field at the origin

Uy = e (A1)
where k = 27 /\ is the wave number in air. For the ith
scatterer (cylinder) located at (x;, y;), the incident field is
(A2)

U = ¢

and the forward scattered field observed at P is [3]

5 1/2
reir{2] (- ) e

- [%ﬁ]m exp{ <kr, + kx, — —)] T(¢')

(A3)

where 7, is the distance between the ith scatterer and point
P, T(¢') is the normalized far-field amplitude of the scat-
tered field, and ¢’ is the azimuth angle defined with re-
spect to the —x direction (backscattered direction). In this
treatment, we shall consider only the contributions of cyl-
inders present in a narrow region in the y direction, ex-
tending from y = —b/2 to y = b/2 such that x, >>
b/2, in which case ¢" = x. Moreover, the distance r;
may be approximated as follows:

=0 - =) + 51"
= (% - x) + zy;o (a4)

where we have assumed that xy >> x;, y;, If n cylinders
contribute to the scattered field at P

U*(x0, 0) = Z, U‘(x, 0)

- (] el (-] e B (D),

(AS5)

\ Forward
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Fig. 11. Scattering geometry showing the angles pertaining to specular re
flection (¢’ = 0) and forward scattering (¢' = 7).

where use was made of (A3) and (A4), ¢’ was set equal
to =, and r; in the amplitude part of U;° was set equal to
Xo. If there are N cylinders per unit area, and these are
randomly distributed over the region —d/2 < x < d/2
and -b/2 <y < b/2, then

s 2
U“(xo, 0) = [;‘;Ojl €xp [ <kx0 - Z)] T(‘Ir) N
/2 pb/2
L Vo (5) &
-d/2 J-b/2
The x integration gives d, and the y integration is
b/2 g2 b/2
Jky S <Jky >
—_— = 2
S—b/z exp < 2x°> dy . exp % y

=12(==2 -
k 0 b/2(k/2x0) /2

(A7)

(A6)

eJyl dyl_
But

[, etan = 4z s (48)
and the remaining integral is negligible if 1) kb® /8xy >>
1, or 2) if we assume that k has a positive imaginary com-
ponent k" = 2xn” /\ (where n” is the imaginary part of
the average index of refraction of the layer) and that exp
(—k"b? /8xy) << 1. The former condition, when com-
bined with the previously stated condition xo >> b /2,
leads to

b << 2xy << 7b*/2\ (A9)

which is always satisfied if we choose b = 200 A / = and
Xo = 1000 \ /7.
The net scattered field at P is therefore

U*(x, 0) = % &% ()

2Nd

==—T(m)U, (A10)

and the total field is
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U= U+ U*

2Nd
= Uo{l +TT(7r)]. (A11)
Now suppose we were to replace the given layer with an
equivalent homogeneous layer of complex index of re-
fraction n and the same thickness d. With reference to the
coordinate system shown in Fig. 10, the transmitted field
at Pis

U = o2 .
Uy exp [j(ke - k)d]
Uy exp [ jk(n — 1)d] (A12)

where k, = kn is the wavenumber of the equivalent me-
dium. Because air usually constitutes more than 0.99 of
the total volume of the vegetation canopy, the magnitude
of n usually is only slightly larger than unity and (n — 1)
<< 1. Hence, if d is such that kd(n — 1) << 1, then

U= Up[1 + jkd(n = 1)]. (A13)

Upon equating the field U derived for the actual layer con-
taining the dielectric cylinders, (A11), to the field given
by (A13) for the equivalent medium, we have

ejk(xo—d/Z)

n=l —j%’r(w) (A14)
implying
N
w1+ S Im {T(m)} (A15)
k
and
, _ 2N
n" = —FRe{T(w)}. (A16)

It should be noted that Im { T(x)} = 0 and Re { ()}
=< 0.

B. Oblique Incidence

For incidence at an angle 8 relative to —z, a repeat of
the preceding steps leads to

2N
mp=1+57sin0Im(T,(6,7)}, p=VorH
(A17)
and
2N
n, = —P—SinORe{Tp(G, 1r)}, p=VorH
(A18)

which is a result of changing the number density in the
propagation plane from N to N sin 6.

“In the preceding expressions, n and T were assigned a
subscript p to denote polarization, where p = V (vertical
TM) or H (horizontal, TE). The normalized amplitudes
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Ty and Ty are given by

o) == T_CMO)  (A19)
Tu(8, 7) = siTloém CIE(9) (A20)

and the constants C™(6) and CT(9) are given in Ruck
et al. [3, pp. 273-274] in terms of the angle y = 7 /2 —
0, the cylinder radius a,, and the relative complex dielec-
tric constant of the cylinder material ¢.

The propagation constant v is related to n, by
Yp = kn, = k(n, + jn; (A21)

and since jy, = —a, + jf,, the attenuation constant «
and phase constant 3 are given by

a,=kn), p=VorH (A22)
8, = kn), (A23)

The extinction width of an infinitely long cylinder is
given by

p = VorH.

05 (0) = —=2N\/7Re {T,(0, 7)}  (A24)
which, when combined with (A18) and (A20), leads to
sin 6
a,(8) = — Naf(ﬂ),

and is attributable to both scattering and any intrinsic ab-
sorption by the cylinders.

p=VorH (A25)

C. Phase Difference

For propagation at an incidence angle 8 through a can-
opy of height h, the polarization phase difference for two-
way propagation is

A¢p = 2h sec O(BH - Bv)
4Nh
= ——tan 6[Im {T(6, )} — Im {T (6, 1)}].

(A26)

APPENDIX B
BISTATIC SCATTERING BY DIELECTRIC CYLINDER

To compute the phase difference between the H-polar-
ized and V-polarized waves bistatically reflected by the
corn stalks, we shall treat the stalks as infinitely long cyl-
inders (the length of the stalks does not affect the phase
difference) and consider specular scattering only. For a
TM wave of amplitude EX¥ incident at angle 0 relative to
the axis of the cylinder, the field of the specularly re-
flected wave is given by [3, p. 269]

EY¥ = EMF(k, ¥, 2,7) Ty(6,0°)  (B1)
and for a TE wave of HIE
H:C = H(T)MF(k9 ‘p’ Z, r) TV(B! 00) (Bz)

where F(h, ¥, z, r) is a complex function, and T (6, 0°)
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and Ty (8, 0°), which are normalized amplitudes evalu-
ated at the scattering azimuth angle ¢’ = 0, are given by

Tu(6, 0°) PZ_]@ (-1)" CM(8) (B3)

TIy(6,0°) = i (

n=-w

~1)"CE(8).  (B4)
The constants C™(8) and CTE(8) are the same as those
given in (A19) and (A20).
The polarization phase difference due to bistatic scat-
tering by N identical cylinders is the same as that due to
- scattering by a single cylinder and is equal to the phase
of the product

EM(HTF)* = EIMHEE|F|* Ty TS
= EMHEE|F*| Ty | | Tv | € (BS)
where
_ (Im [TH/TV]}
Ad, = ta ‘{———— . B6
' Re [Ty/Tv] (B6)
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Microwave Propagation Constant for a Vegetation
Canopy With Vertical Stalks

FAWWAZ T. ULABY, reLLow, IEEe, AHAD TAVAKOLI, ano THOMAS B. A. SENIOR, FELLOW, IEEE

Abstract—An equivalent-medium model is developed to relate the
propagation constant y, associated with propagation of the mean field
through a vegetation canopy, to the geometrical and dielectric param-
eters of the canopy constituents. The model is intended for media con-
taining vertical cylinders, representing the stalks, and randomly ori-
ented discs, representing the leaves. The formulation accounts for both
absorption and scattering by the cylinders, but uses a quasi-static ap-
proximation with respect to the leaves. The model was found to be in
good agreement with experimental resulits at 1.62 and 4.75 GHz, but
underestimates the extinction loss at 10.2 GHz. The experimental com-
ponent of the study included measurements of the attenuation loss for
horizontally polarized and vertically polarized waves transmitted
through a fully grown corn canopy, and of the phase difference be-
tween the two transmitted waves. The measurements were made at in-
cidence angles of 20°, 40°, 60°, and 90° relative to normal incidence.
The major conclusion of this study is that the proposed model is suit-
able for corn-like canopies, provided the leaves are smaller than X in
size.

I. INTRODUCTION

N THE MICROWAVE region, most vegetation cano-

pies are considered inhomogeneous media, and in some
cases, anisotropic also. Efforts to model the radar back-
scattering and radiometric emission from vegetation fol-
low one of two basic approaches. In the first approach,
the canopy is treated as a continuous random medium with
an average dielectric constant ¢, and a fluctuating com-
ponent ¢ (x, y, z), which, in the general case, may be
formulated as a tensor [1], [2]. When modeled using the
second approach, the canopy is treated as the sum of dis-
crete elements each characterized by a scattering phase
function that relates the directional distribution of energy
scattered by the element to the energy incident upon it [3],
[4]. Although numerous papers have been published to
document the merits of the two approaches and many more
have reported the results of experimental observations,
there remain many unresolved questions about the nature
of the wave-target interaction process, both in the canopy
volume and between the canopy elements and the under-
lying soil surface. For the most part, the applicability of
a given model to a given target type (such as vegetation)
is evaluated by comparing the model-calculated scattering
coefficient or brightness temperature to measured values
of the same quantity. The model is based on certain as-
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sumptions and is a function of a set of electromagneti
and physical parameters of the target, many of which ai
difficult to measure and are, therefore, selected such th:
the fit between the model and the observations are optin
ized. Because of the broad latitude afforded the *‘fitting
process, it is often possible to fit the same data to mode:
with distinctly different assumptions and implications.

Does this mean that the available theoretical scatterin
models are inappropriate and/or unimportant to the prot
lem at hand, namely, the development of techniques fc
the utilization of microwave observations to derive info
mation about the biophysical properties of the canopy
Definitely not; theoretical models are extremely importar
and should play a vital role in the research process. A
though most theoretical models may prove to be too dit
ficult to invert, they are indispensable for conducting ser
sitivity analyses and for pointing the direction of futur
research.

What is the solution? A search through the literatur
reveals three approaches that microwave remote-sensin
researchers have taken in this regard. They include: 1
direct measurements of some of the canopy parameters
such as the leaf-angle-distribution and the dielectric con
stant of the vegetation elements [5], 2) high-resolutio:
measurements of the backscattering cross section per un:
volume as a function of range (or depth) using probin
scatterometers [6], [7], and 3) measurement of the trans
mission properties of vegetation canopies [5], [8], [9]
The information provided by these investigations has im
proved the understanding of the interaction process an
has tightened the constraints that have to be met by th
theoretical models. For example, all volume scatterin
models include formulations for computing the extinctio
coefficient of the medium. Requiring that the model-cal
culated total transmission loss through the canopy b
comparable in magnitude and exhibit similar spectral an
polarization variations to the measured loss represents a:
excellent test for evaluating the applicability of the mode
to the medium.

The present study extends previous studies of the trans
mission properties of vegetation canopies along the fol
lowing lines: 1) it includes greater simultaneous coverag
of the three wave parameters: wavelength, incidence an
gle, and polarization, 2) it presents measurements of th.
phase difference between horizontally polarized and ver
tically polarized simultaneously transmitted waves, an
3) it provides a model for wave propagation in a vegeta

0196-2892/87/0600-0714$01.00 © 1987 IEEE
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tion medium comprised of vertically oriented stalks and
randomly oriented leaves.

" II. THE EXPERIMENT

Several types of experiments were conducted to mea-
sure the transmission loss for a mature corn canopy at in-
cidence angles of 20°, 40°, 60°, and 90°. The configu-
rations used are illustrated in Fig. 1. The transmitters for
the 20°, 40°, and 60° measurements were placed on a
truck-mounted platform at a height of 11.5 m above the
ground surface, and the receivers were placed underneath
the canopy. For the 90° measurements, the transmitter
platform was placed on the truck bed and the receivers
were placed on a wooden platform whose height above
the ground was the same as that of transmitters. Fig. 2
shows photographs of the transmitters in the configura-
tions corresponding to Fig. 1(a) and (b). The transmitters
used three dual-polarized antennas with center frequen-
cies of 1.62, 4.75, and 10.2 GHz.

Because a vegetation canopy is an inhomogeneous me-
dium at microwave frequencies, its coherent attenuation
coefficient should be treated as a random variable. Con-
sequently, to measure (estimate) the mean attenuation with
a reasonable degree of precision, it is necessary that the
estimate be an average over a large number of statistically
independent samples. In addition, it is of interest to re-
cord the spatial variations of the canopy attenuation. To
meet these requirements, the measurements were per-
formed using the arrangement shown in Fig. 3; the re-
ceiving platform was placed on a rail system on which it
slid in synchronism with the motion of the truck as it was
pulled by a rope connected to the truck through a pulley
system. Fig. 4 shows photographs of the ground rail used
in conjunction with the 20°-60° measurements and of the
elevated rail used with the 90° measurements.

A. The Hardware System

Table I presents a summary ‘of the overall system spec-
ifications, including antenna sizes, beamwidths, and rel-
evant dimensions, and Fig. 5 is a block diagram of the
receiver configurations used for the power (amplitude) and
phase measurements. The amplitude receiver consisted of
a small antenna (microstrip patches were used at L-band
and small dual-polarized corrugated horns were used at
both C-band and X-band) connected to a microwave de-
tector, which was, in turn, connected to a power meter
through a 50-m coaxial cable. The output of the power
meter was recorded on a strip-chart recorder for immedi-
ate display in the field as well as on a digital cassette re-
corder (using an HP 85 computer) for later analysis. The
canopy loss L is defined in dB as

L =10 log (P,/P,) (1)

where P, is the power received when the canopy is present
and P, is the free-space level received under identical
conditions (antenna pointing, range between transmitter
and receiver, etc.) but without an intervening canopy be-
tween the transmitter and the receiver.

RECEIVERS

(b)

Fig. 1. Configurations used for the transmission measurements at (a) 20°,
40°, 60° and (b) 90°.

The phase measurement refers to the phase difference
A¢ between the vertically polarized (V) and horizontally
polarized (H) waves transmitted through the canopy. On
the transmitting side, H- and V-polarized waves were
transmitted simultaneously by the dual-polarized anten-
nas. At the receiver, the outputs of the antenna H- and V-
polarization ports were down-converted in frequency to
20 MHz and then relayed to a network analyzer through
a pair of 50-m coaxial cables. The phase difference mea-
sured by the network analyzer was recorded on a strip-
chart recorder and on a digital recorder.

B. Calibration and Interference Tests

By cutting and removing the corn plants from an ap-
proximately 3-m wide strip on both ends of the canopy
area (Fig. 3), it was possible to establish a free-space ref-
erence signal for both the amplitude and the phase mea-
surements. Furthermore the stability of the signal across
each of the 3-m wide strips provided an indication of the
presence (or absence) of multiple ground reflections. As
an additional test, the entire corn canopy was cut and re-
moved at the conclusion of the experiment and direct free-
space transmission measurements were made across the
entire 10-m wide test area. The variability in the reference
signal was found to be within +0.3 dB for amplitude and
+4° for phase.

C. Types of Measurements

Amplitude measurements were conducted at 1.62 GHz
(L-band), 4.75 GHz (C-band), and 10.2 GHz (X-band)
for V and H polarizations at 20°, 40°, 60°, and 90°. The
measurements were made for three canopy conditions
designated as follows:

1) Full, which refers to the canopy in its natural con-
dition.

2) Defoliated, which refers to the canopy condition
after the leaves had been stripped off and removed.
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C & TRANSMITTERS

RECEIVER s 60 DEG.

9.5m

Fig. 3. The pulley system was used so that as the truck moved forward,
the transmit and receive antennas moved in space at exactly the same
speed, thereby maintaining line of sight.

(b)

Fig. 2. Photograph of the transmitting section (a) atop the truck-mounted
boom (for the 20° and 40°, and 60° measurements) and (b) on the truck
bed for the 90° measurements. The rail system in the foreground shows
the back side of the sliding mount on which the receiving antennas were
mounted.

3) Stalks, which refers to the condition after removing

the leaves and the cobs, thereby leaving behind standing
stalks only.
Analysis of the data reveals that the difference in atten-
uation between the Defoliated and Stalks conditions is in-
consistent and statistically insignificant. Consequently,
only the data for Full and Stalks conditions will be pre-
sented in this paper.

The polarization phase-difference measurements were

(b)

.. Fig. 4. Photographs of (a) the ground rail system with the receivi -
made at L-band and C-band only, and the incidence an- = & otographs of (@) the g y ! cetving an

N tenna mount and (b) the elevated rail (Photograph taken after defoliating
gles were limited to 20°, 40°, and 90°. the plants.)
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Fig. 5. Block diagrams of the receivers used to measure (a) the amplitude
of the received signal and (b) the phase difference between the V-polar-
ized and H-polarized signals.

TABLE 1
CHARACTERISTICS OF THE MEASUREMENT SYSTEM

Antenna Beamwidths

Transmitter 7.8° 4.6° 4.7°
Receaiver 90.2° 53.1° 24.7°
Incidence Angle information

20° 4aQ°, 60° 20°
Distance between
Transmitter and Receiver 11.7m 143m 220m 13.0m
Transmitter Height 11.5m t115m 11.5m 1t2m
Receiver Haight 03m 03m 03m 12m
Stant path in canopy 26m 31m 48m 22m

Canopy Parameters

Row spacing: 76 cm
Average plant spacing: 19.8 cm
Average plant height: 2.7 m

Stalk volume fraction = 3.5 x 103

Leat volume fraction: 5.8 x 104

Staik volumetric moisture: 0.47

Leaf volumetric moisture: 0.65

Average number of leaves per plant: 13.7
Leaf area index: 2.8

Stalk diameter: 2.8 cm at base
18cmat12m
0.6 cm at top

Field measurements were performed to determine the
density of plants, the row spacing, and the volume frac-
tions of leaves, stalks, and cobs. In addition, samples were
processed in the laboratory to determine their volumetric
moisture contents (Table I). Fig. 6 shows spectral plots
of the relative dielectric constant of corn leaves and stalks
at the moisture contents given in Table 1. These curves

35 Volumetric Moisture
\ , leaves: 0.65
30 ‘\ g staks: 0.47
—
2 2
-
%2
8 2
[&] E.
Q st
E 15 \‘
Q
AN AN
[TV S g
@] \
S P ES(
0
1 2 3 4 5 6 7 8 9 10 11
FREQUENCY (GHz )
Fig. 6. Dielectric constant of com leaves and stalks as a function of fre-

quency.

are based on dielectric measurements that were made for
corn stalks over a wide range of moistures [10].

ITII. SAMPLE RESULTS

Because of the large volume of data acquired in this
study, we will present only a few samples of the measured
records of the transmission loss L and then provide a sum-
mary of the overall behavior. Comparison of data with
model calculations is given in Section IV.

Figs. 7-9 display the power level recorded by the dig-
ital tape recorded at L-band, C-band, and X-band. Each
figure contains records for both H and V polarizations.
The relatively flat levels at the ends of each record rep-
resent the free-space reference level of the received sig-
nal. The canopy transmission loss L(x) is measured in
decibels relative to this reference level. Close inspection
of the records shown in Figs. 7-9, which pertain to a Full
canopy condition at 6 = 60°, reveals the following ob-
servations:

1) At L-band (Fig. 7), the mean value of the V-polar-
ized loss Ly is 8.57 dB, compared to only 2.82 dB for the
mean of the H-polarized loss L. The standard deviation
o, is a measure of the fluctuating component of L(x) rel-
ative to the mean L. We observe that o, = g, at L-band
and both L,(x) and Ly(x) vary slowly as a function of
position x. These observations lead to the conclusion that
at L-band (A = 20 cm) the com canopy appears quasi-
continuous with relatively few discontinuities.

2) At C-band (Fig. 8) the situation is the reverse of
what was observed at L-band. The mean values L, and L,
are approximately equal, whereas the standard deviations
are quite different. The much larger standard deviation of
Ly(x) is due to the deep fades shown in Fig. 8(b), which
are attributed to attenuation by the stalks. The high spa-
tial-frequency variations of Ly (x) and, to a lesser extent,
Ly(x), indicate that the comn canopy is discontinuous at
C-band, and, therefore, the discrete approach to modeling
scattering in the canopy should be preferred over the con-
tinuous-medium approach.

3) At X-band (Fig. 9), L, (x) and Ly (x) are quite sim-
ilar to one another. Their means are about the same, and
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so are their standard deviations. As will become apparent
later, this similarity is attributed to the fact that the loss
at X-band is dominated by the leaves, and the stalks ex-
ercise a small influence in comparison.

To examine the role played by the stalks relative to that
played by the leaves, we present in Fig. 10 records of
Ly(x) and Ly(x) for the Stalk condition at X-band. We
note that Ly is 3.02 dB compared to 15.37 dB for the Full
canopy, and Ly = 4.12 dB for Stalks compared to 16.29
dB for Full. Thus, the Stalks are indeed a minor contrib-
utor to the_ total attenuation; even for V polarization L,
(Stalk) — Ly (Full) = —12.17 dB, which is a ratio of 0.06
when converted to natural units.

Another observation worth noting is that in the absence
of leaves, the record of Ly(x) contains more high-fre-
quency fluctuations than the record of Ly(x) does, which
indicates that even at a wavelength as short at 2.94 cm,
the coupling between the propagating wave and a canopy
constituent (such as a stalk) is strongly dependent on the
constitutent’s orientation relative to the direction of the
wave’s electric field. When leaves are present, diffuse
scattering increases, thereby reducing the sensitivity of
L(x) to the polarization of the propagating wave.

IV. PROPAGATION MODELS

The following treatment pertains to a vegetation canopy
comprised of vertically oriented stalks (or trunks) and ran-
domly oriented leaves. The canopy is modeled as a slab-
like region, its stalks as infinitely long, identical cylinders
pointing in the z direction, and its leaves as thin circular
discs. We seek an expression for the propagation constant
v of an equivalent dielectric medium such that it is appli-
cable at any incidence angle  relative to the —z direction
and for both H- and V-polarization configurations. This
will be realized in two steps. First, we shall consider the
case of the defoliated canopy (Stalks condition) and pro-
pose a model that incorporates the effect of both absorp-
tion and scattering by the dielectric cylinders. This will
result in expressions for the equivalent dielectric medium
with the complex refractive index n. In the second step,
a new set of expressions are derived for the Full canopy
case by treating the leaves as small circular discs ran-
domly oriented and randomly distributed in a background
medium of refractive index n. By assuming the disc di-
ameter to be small relative to N\, we avoid the problems
associated with computing the scattering from a leaf and

~ the need to define a leaf orientation distribution. The re-

sults shown later suggest that for a corn canopy this as-
sumption is quite acceptable at L-band, barely acceptable
at C-band, and unacceptable at X-band.

A. Defoliated Corn Canopy

1) Single Stalk: Before we treat the problem of wave
propagation through a canopy comprised of many com
stalks, we shall briefly examine the electromagnetic prop-
erties of a single stalk. Fig. 11 depicts a plane wave in-
cident upon an infinitely long circular cylinder in the —x
direction (8 = 90° and ¢ = 0) and a scattered wave of
the same polarization propagating in the x-y plane at an
angle ¢’ relative to &. The cylinder has a radius ay and a
relative complex dielectric constant e,. If U’ stands for
the electric field of the incident wave E’ when the wave
is vertically polarized (TM) and U}, stands for the mag-
netic field of the incident wave H' when the wave is hor-
izontally polarized (TE), the far-zone scattered field is
given by [11, pp. 207]

U;© '—U"zl/2 j(k 4)]T,(o’
p (r¢) =Upl——| exp[jlkr = 7/4)]T,("),

(2)
where k = 27 /N, Ao is the free-space wavelength, T,(¢')
is the p-polarized normalized far-field amplitude of the
scattered field, and p is a polarization index. The ampli-
tudes Ty(¢') and Ty (9') are given by

p=VorH

T(8) = B_(-1fCcMe® (%)

and

Ti#) = Z_(-1f CFem (%)
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Fig. 11. Scattering geometry for an infinite cylinder.

and the functions C™ and CF are given in Ruck et al.
[11, pp. 273-274] for incidence at any angle ¥ relative
to the surface normal of the cylinder (¥ = /2 — 6). In
the present case § = /2 and ¥ = 0.

For a three-dimensional body, its scattering behavior is
described by its bistatic scattering cross section, which
relates the power of the wave scattered (into a given di-
rection) to that of the incident wave

SC SC
s : 2 (E ‘E *)
o= i e B
HSC . HSC*
= 47 lim rz(—('ﬁ,-—_'Tl';*—)—), m’. (4)

The analogous quantity for a two-dimensional body, such
as an infinite cylinder, is the bistatic scattering width

SC . | SCx
o” =27 lim r————(E E*)

r— oo (El * Ei*)
' HSC 'HSC*
=27 ,ll’?, r(—(H'—"—ﬁW)’ m. (5)

Inserting (2) into (5) leads to the following expression for
the bistatic scattering width:

0, (¢') = %" 17,(69|", p=VorH.

The total scattering width is given by
2r
So ozs(d)')dd)’, p=VorH

and using the forward-scattering theorem, the extinc
width may be obtained from

2
= ——Re

%
T

{Tp(vr)}, p = VorH.

Finally, the absorption width o; of the cylinder is de
mined from

U; = 05 - 0:.

Fig. 12 shows spectral plots of ¢*, 6%, and o5
puted for a 1.7-cm diameter cylinder using the above
mulation. The relative dielectric constant was assigned
value e, = 16.9 + j5.6. This is appropriate for a ¢
stalk at 1 GHz when its volumetric moisture conter
0.47 (see Fig. 6), which is the value measured for
stalks examined in this study. We observe that the s
tering and absorption components of o are compar:
in magnitude for H polarization, but ¢° is significa
larger than ¢ for V polarization. All three quantitic
%, o*, and oE—exhibit strong variations with freque
below 3 GHz, which corresponds to a wavelength of at
2.5 c¢m in the stalk medium and approximately equa
the stalk diameter. Particularly relevant to the experir
tal results discussed in the next section is the fact
o% is about an order of magnitude larger than o at 1
GHz and only slightly larger at 4.75 and 10.2 GHz.

2) Many Stalks: Ulaby er al. [12] have shown °
propagation in a layer comprised of identical vertical «
inders randomly positioned in the x-y plane may be m
eled in terms of an equivalent dielectric medium chas
terized by a complex index of refraction given by

2N
n, =1 +—k7sinolm{r,,(e, 7))}, p=VorH

(1

2N .
—z sin # Re {TP(O, w)}, p=VorH

in

(1

where N is the number density of cylinders (per unit are
6 is the angle of incidence relative to 2, and T,(6, =
the p-polarized normalized scattering amplitude evalua
for ¢’ = = (forward scattering), and is given by

T8, 7) = — 2 CM(0) (1
1 o
TH(B, ‘K') = 'STn——o- ,,=Z_°° C[E(O) (1
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he functions C™(9) and CTE(0) are the same as those
troduced earlier in connection with (3).

The propagation constant of the equivalent medium v,
related to n, by

Yo = kn, = k(n, + jn;)

(12)

d since jy, = —a, + jB,, the attenuation constant a,
'd phase constant 3, are given by

a =kn), p=VorH (13a)
B, = kn,, p =V orH. (13b)
he extinction width of an infinite cylinder is given by

aE(0) = —3}" Re {T,(0, x)} (14)

which, when combined with (13a) and (14), leads to

(15)

The (power) extinction coefficient , (8) is associated with
propagation of the ‘‘mean’’ field through the layer and
incorporates losses due to both scattering and absorption
by the cylinders. For propagation over a distance d, the
mean loss L,(6) is given by

L(#) = 10 log [e*®9)
4.34 «,(0) d. (16)

The polarization phase difference for one-way propaga-
tion is given by

k,(0) = 2a, = Noj(8)sin6, p = VorH.

i

A® = (By — By)d
2Nd
= sin 6 [Im {TH(O, 1r)}
- 1m {T,(6, 7)}]. (17)
3) Comparison with Experimental Observations: Fig.

13 provides spectral plots of L,(6) for the 1-11 GHz
range, all computed in accordance with the formulation
given in the preceding section and using the dielectric
function given in Fig. 6. Also included are the data mea-
sured at 1.62, 4.75, and 10.2 GHz, presented in the form
of the mean value of the measured loss and the associated
+25-percent confidence interval. Overall, good agree-
ment is observed between the measured data and the the-
oretical curves. The same data were used in Fig. 14 to
display the angular variation of the extinction coefficient
Kk, (0).

pAs was mentioned previously in Section II-C, the po-
larization phase-difference measurements were made at
1.62 and 4.75 GHz. The variation of A® with frequency
was calculated using (17) and is compared with the mea-
sured data in Fig. 15. Considering the broad extent of the
confidence intervals associated with the measured data, it
is reasonable to conclude that there is good qualitative
agreement between the theory and the experimental ob-
servations.

B. Full Corn Canopy

When in the Full condition, the corn canopy includes
both stalks and leaves. Although conceptually the extinc-
tion attributable to leaves may be treated in a manner sim-
ilar to that presented in the preceding section for stalks,
the problem is somewhat more difficult for leaves be-
cause: 1) the leaves have an irregular shape whereas the
stalks may be approximated as cylinders and 2) the leaves
are nonuniform in orientation whereas the stalks are es-
sentially vertical. Consequently, we shall make certain
simplifying assumptions in order to reduce the complexity
of the problem to a manageable state, seek a solution for
the extinction coefficient of a Full canopy, -and then com-
pare the results to the experimental data. v

If we consider the leaves to be thin circular discs, small
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in size relative to N, and randomly oriented, we can use
the de Loor mixing formula [13; 14, p. 2040} to relate
the relative dielectric constant of the leaf material ¢, to
that of a medium with equivalent propagation properties
for the mean field. The equivalent medium. which is com-
prised of a background dielectric material of dielectric
constant e, representing the stalks in air, and inclusions
(the leaves) of dielectric constant ¢, and volume fraction
v;, has a relative dielectric constant €, given by

(18)

Because the background dielectric e = ¢,(6) is a func-
tion of both the incidence angle 6 and the polarization
configuration p, so is the canopy dielectric constant €.
The background dielectric constant is related to the index
of refraction defined by (10) through
€ = (n, +jny)
and the extinction coefficient of the Full canopy medium
1s given by

€ =

(19)

k. = 2a,

= 2kn, (20)

with n. = Ve Although not denoted explicitly, both «,
and n, are functions of 6 and the polarization index p.

Using the preceding formulation, ., was computed for
V and H polarizations at 1.62, 4.75, and 10.2 GHz and
the results are presented in Fig. 16. Comparison of the
theoretical results with the measured data indicates very
good agreement at 1.62 GHz, fair agreement at 4.75 GHz,
and poor correspondence at 10.2 GHz. At 10.2 GHz, the
measured data are consistently higher in level than the
computed curves. This is attributed to the assumption that
extinction by the corn leaves is dominated by intrinsic ab-
sorption and that scattering losses are negligibly small,
which is an inherent assumption of the model leading to
(18). The results suggest that this assumption is reason-
ably acceptable at 1.62 GHz ( A = 20 cm), but is strongly
violated at 10.2 GHz.

V. CONCLUSIONS

The propagation model developed in this paper ac-
counts for both scattering and intrinsic absorption by the
canopy cylinders (stalks), but treats the leaves as small
randomly oriented discs. Good agreement between theory
and experiment is obtained for the defoliated canopy at
1.62, 4.75, and 10.2 GHz and for the canopy with leaves
also, but only at 1.62 GHz. In order to extend the fre-
quency coverge of the present model, it should be modi-
fied to incorporate the scattering phase function and slope
distribution of the leaves.
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Microwave Emission from Row Crops

DAVID R. BRUNFELDT ano FAWWAZ T. ULABY, FELLOW, IEEE

Abstract—In order to examine the emission properties of vegetation
without taking into consideration the effects of variations in the soil
background, strips of metal screening were used to cover the soil sur-
face between adjacent rows of plants. Temporal measurements were
made at 2.7 and 5.1 GHz for soybean, wheat, and corn canopies. Sev-
eral special experiments were conducted to evaluate the sensitivity of
brightness temperature to look direction (relative to row direction),
polarization configuration, and incidence angle, and to evaluate the
emission contributions of defoliated stalks. In general, the results show
that the canopy is highly anisotropic, the emission exhibits a strong
dependence on polarization and look direction, and the scattering al-
bedo i, typically less than 0.1. Canopy transmissivity was estimated
from the radiometric observations and then related empirically to the
canopy’s integrated water content. Using this relation in a zero-order
radiative transfer model led to good agreement between the experi-
mental observations and the model predictions.

I. INTRODUCTION

T CENTIMETER wavelengths, a vegetation canopy
may be modeled as an inhomogeneous medium com-
prised of discrete scatterers (such as leaves and stalks)
distributed in an air background. The sizes, shapes, and
dielectric properties of the scatterers determine the an-
gular, spectral, and polarization behavior of canopy scat-
tering and emission. The backscattering coefficient of a
vegetation layer over a soil background represents the sum
of backscattering contributions related to the canopy
alone, the soil alone (except for two-way attenuation), and
interactions between the canopy volume and the soil sur-
face. A similar statement applies in the emission case.
Because of the complexity of the scattering and emis-
sion problems, it is difficult to study the microwave scat-
tering and emission behavior of the canopy independently
of the soil background. This has often led to multiple
interpretations of experimental observations. In order to
circumvent this difficulty, Brunfeldt and Ulaby [1] used
metal screens to isolate the soil surface from the vegeta-
tion canopy and then proceeded to make radiometric ob-
servations of the canopy as a function of several param-
eters. The screens were wire meshes with an interwire
spacing of 1.6 mm and wire thickness of 0.3 mm. Such
an arrangement was sufficiently large to allow normal
water drainage and vegetation growth, yet sufficiently
small for the screen to act (electromagnetically) as a re-
flecting (nonemitting) surface at the wavelengths under

Manuscript received September 6, 1985; revised December 4, 1985.
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consideration (5 and 11 cm). This technique was used in
the study reported here to investigate the following ques-
tions:

a) Is the brightness temperature Tp of a vegetation can-
opy polarization-independent? If not, what is the role of
the polarization configuration of the radiometer antenna
with regard to emission by the canopy?

b) Is it a reasonable assumption to regard the canopy
as being symmetrical in azimuth?

c) For canopies planted in parallel rows, does the
brightness temperature depend on row direction (relative
to the observation direction)?

d) Is it possible to relate the brightness temperature of
a canopy to its biophysical properties?

This paper describes a set of experiments conducted at
2.7 and 5.1 GHz to examine the preceding questions for
soybean and corn canopies.

[I. CaNorYy EMissION

To examine the emission from a vegetation canopy, the
following zero-order solution of the radiative transfer
equation will be used:

To=(1+TT)1 - (1 - )T,

+ T(1 = TYT, + T’TsyT, (1)

where Tj is the brightness temperature, T is the one-way
transmissivity of the canopy, T’ is the reflectivity of the
underlying ground surface, w is the scattering albedo of
the vegetation layer, Ty and T, are the physical tempera-
tures of the vegetation and ground media, and Ty is the
downwelling sky brightness temperature. The model ig-
nores diffuse scattering in the medium and reflection at
the air-vegetation boundary. At the frequencies under
consideration (2.7 and 5.1 GHz), Tsy is of the order of
5 K, which means that the last term in the above equation
may be neglected (since Tzl‘g < 1). Also, we may set T,
=T, =Ty, in which case (1) reduces to

T =[(1 — @+ ol) + TwT? = T2 — oD, (2)

For the purpose of the discussion that follows, we shall
simplify the above expression further. However, we shall
not use the resulting expression for comparison with data.
The albedo w is of the order of 0.1, and T usually is
smaller than 0.5 (except for very dry and/or short cano-
pies). Hence, terms involving the products wT and wT?
are much smaller than the other terms in (2) and may be
neglected.

Tz = [(1 — @) — T,TYT,. (3)

0196-2892/86/0500-0353$01.00 © 1986 IEEE
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Fig. 1. Measured brightness temperature of vegetation over soil, vegeta-
tion over screen, bare soil, and bare screen. The frequency is 2.7 GHz.

For a dry soil background, T'; = 0.1 at nadir. In contrast,
a metal plate has I'; = 1.0. This large difference in re-
flectivity suggests that the use of metal screens to cover
the soil surface enhances the sensitivity of 7 to canopy
variations. The scattering albedo is a parameter of the
scattering medium (vegetation layer) and is therefore in-
dependent of variations in the vertical thickness of the
vegetation layer as long as the canopy maintains an ap-
proximately constant structure. We know that the canopy
structure changes over the growth cycle, but its influence
on w is likely to be much smaller than its effect on T. The
transmissivity T is related to the total propagation loss
through the canopy along the direction of observation.
Hence, height variations have a direct effect on T. Vari-
ations in canopy moisture also exercise a direct effect on
T through the extinction coefficient x,. In contrast, the
albedo is equal to the ratio of the scattering coefficient «;
to the extinction coefficient «,, both of which increase with
increasing moisture content. Although the rates of in-
crease with moisture may not be the same for the scatter-
ing and absorption coefficients, the ratio w = «,/(x; + «,)
is much less sensitive to moisture than «,.

Based on the preceding arguments, we expect the time
variation of Ty to be governed primarily by the second
term in (3)

0Ty aT

il 2I,T,T Y
A similar statement applies to the variation of Tj with
incidence angle.

Figs. 1 and 2 illustrate the effect of the canopy back-
ground on the emitted radiation from a soybean canopy.
The data were acquired in 1983 by a dual-frequency (2.7
and 5.1 GHz), dual-polarization radiometer mounted atop

@
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Fig. 2. Measured brightness temperature of vegetation over soil, vegeta-
tion over screen, bare soil, and bare screen. The frequency is 5.1 GHz.

Fig. 3. Photograph of a section of comn field showing strips of metal
screening covering the soil surface between the rows of plants. The plants
in the foreground were defoliated before the photo was taken.

a truck-mounted boom. The photograph in Fig. 3 shows
strips of metal screening in place over the soil surface,

‘between rows of comn plants. The plants in the foreground

have been defoliated, whereas those in the background
have not. Because the screens do not cover the entire soil
surface, some radiation escapes through the narrow stnips
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of exposed soil between the screens. The observed bright-
ness temperature of about 85 K for the bare screen (mea-
sured following removal of the soybean plants) consists
of about 50 K due to the exposed soil strips, about 15 K
due to leakage through the holes in the screen mesh, about
5 K due to downwelling sky emission reflected by the
screen, and about 15 K due to emission from the sur-
rounding fields received through the sidelobes. The effec-
tive reflectivity of the screen background may be calcu-
lated from

T, =T
T, — Tsky

where T is the physical temperature of the screen and Tp
is the brightness temperature measured for bare screen.
For Tz = 85 K (Fig. 1), I';,, = 0.73. It is worth noting
that it is possible to reduce the level of T of screens by
more careful placement of the screens; in a similar ex-
periment conducted in 1982, T was about 55 K (see Fig.
4).

At nadir, the presence of the screen causes T of veg-
etation to be lower than it is with a soil background by
about 60 K at 2.7 GHz and 20 K at 5.1 GHz (Figs. 1 and
2). This difference is attributed to the fact that T is smaller
at 5.1 GHz than at 2.7 GHz.

Ly = &)

III. TEMPORAL OBSERVATIONS OF BRIGHTNESS
TEMPERATURE

Fig. 4 displays temporal measurements of the bright-
ness temperature of a soybean canopy recorded over a pe-
riod of three months in 1982. The first measurement, re-
corded on Day of Year (DoY) 173, was made shortly after
planting, at which time the plants were only a few centi-
meters high. The brightness temperature was found to be
about 55 K for both polarizations. The last measurement
(DoY 269), which was made after harvesting and remov-
ing the soybean plants, was at approximately the same
level as that recorded at the beginning of the growing sea-
son.

The overall temporal variation of T was as expected,
but the observed difference in level between the horizon-
tal-polarization and vertical-polarization curves was quite
unexpected because the observations were made at a nadir
angle of 5°. In midseason, the difference in level was as

Fig. 5. Definition of look direction and polarization. Measurements as a
function of 8 at ¢ = 0° (xz plane) refer to parallel look-direction obser-
vations; E in y-direction is H-polarization and E in xz plane is V-polar-
ization. For ¢ = 90°, measurements as a function of 8 in yz plane are
perpendicular look-direction observations; E in x-direction is H-polar-
ization and E in yz plane is V-polarization.

much as 40 K. Such a polarization dependence at angles
near nadir had been observed for periodic soil surfaces
[2], [3] but had not been reported for vegetation canopies.
The data presented in Fig. 4 are part of a data set acquired
as a function of 6 for ¢ = 90° (Fig. 5). In such a config-
uration, which will be referred to as the ‘‘perpendicular
look direction,”’ H-polarization corresponds to an electric
field vector parallel to row dlrectlon (i.e., E=XE ),
and V-polarization corresponds ok being in the yz plane.
Measurements made by varying § while maintaining ¢
equal to 0° will be referred to as ‘‘parallel look-direc-
tion’’ data. The dependence of T (8, ¢, p) on incidence
angle 4, azimuth angle ¢, and polarization configuration
p is discussed in the next section.

A similar, though lesser polarization dependence was
observed for a corn canopy. An explanation related to leaf
slope distribution is proposed in the next section.

IV. Row-DIRECTION EXPERIMENTS
A. Soybean Canopy

A row-direction experiment was conducted on July 26,
1983 (DoY 207) to evaluate the response of T to row
direction and polarization The soybean plants were ap-
proximately 80 cm in hexght and the canopy’s wet-bio-
mass was 2.3 kg + m~2. The brightness temperature was
measured as a function of 6 for ¢ = 0° (parallel look
direction) and ¢ = 90° (perpendicular look direction) at
2.7 and 5.1 GHz. The 2.7-GHz results are shown in Fig.
6.

The curves show that for perpendicular look direction
Tp(6, 90°, V) is higher than Ty(6, 90°, H) by 20-30 K.
At nadir, T3(0°, 90°, V) = T5(0°, 0°, H), which is ex-
pected, since both configurations represent an orthogonal
orientation of the electric field relative to the row direc-
tion. Similarly, T3(0°, 90°, H) = T(0°, 0°, V). How-
ever, the nadir brightness temperature of the canopy is 23
K higher in level when Eis orthogonal to row direction
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Fig. 6. Angular measurements of 7 at 2.7 GHz for various combinations
of look direction and polarization.

than when it is parallel to row direction. This behavior is
somewhat puzzling. For periodic soil surfaces, the polar-
ization/row-direction dependence of Tp is attributed to the
Fresnel reflectivity at the soil-air interface [2], [3]. An
analogous explanation for a vegetation canopy would re-
quire that the canopy be regarded as having an undulating
periodic air-vegetation boundary and that the average
permittivity of the vegetation layer be of the order of 4 or
higher. However, the effective permittivity of a vegeta-
tion canopy rarely exceeds 1.3.

Ruling out the large-scale periodicity of the canopy as
being the factor directly responsible for the polarization
dependence, we offer an alternative explanation based on
the azimuthal variation of the slope distribution of the
canopy scatterers (leaves and branches). The standard
planting practice for corn and soybeans is to sow the crops
in rows 76 cm apart. Measurements for the fields observed
in this investigation yielded a within-row plant spacing of
26 cm for com and 5.6 cm for soybeans. As the plants
grow, the stalks grow vertically, but the leaves (com) and
branches (soybeans) tend to spread into the space (76 cm
wide) between the rows. Fig. 7(a) and (b) illustrates the
structure for corn and soybeans, respectively. The net re-
sult of this process is that the leaves and branches have a
distinctly different slope distribution in the plane parallel
to the rows than in the plane orthogonal to row direction.
If the emission by an individual leaf or branth is polar-
ization-dependent and has a nonuniform angular distri-
bution, then the emission by the canopy as a whole will,
in general, have an azimuthal dependence also.

B. Corn Canopy

The com observations included an additional variable
that was not examined for soybeans. This variable was
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the presence or absence of leaves on the canopy. After
measuring the foliated canopy, the leaves were stripped
off and another set of measurements was made. Finally,
the plants were cut and removed, and T of the back-
ground was recorded. This process was conducted for
canopy plots with soil as background and with screen-
covered soil as background. Fig. 8 displays the angular
behavior of T based upon observations made in the planes
parallel and perpendicular to the rows for both the full
canopy and for stalks and cobs only. The measurements
were made with screens as background. Bare-screen mea-
surements were made for parallel and perpendicular look
directions for both H- and V-polarizations. The variations
in the four measurements were typically less than 5§ K.
Hence, only one curve is displayed in Fig. 8. The curves
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for the defoliated canopy (stalks and cobs only) clearly
show that the emission from the stalks and cobs is sub-
stantial and should not be ignored (some models have as-
sumed that the leaves are the source of most of the emis-
sion and that the stalks and cobs are inconsequential). The
overall Ty pattern displayed in Fig. 8 also is visible in
Fig. 9, which pertains to measurements made without
screens (soil background), although the differences in
level between the curves. for perpendicular and parallel
look directions are smaller (note that the scale of Tj is
different in Figs. 8 and 9). We again observe that the
brightness temperatures for parallel and perpendicular
look directions do not converge to the same value as 8
approaches 0° (nadir). For the full canopy case, we at-
tribute the lack of convergence to the azimuthal variation
of the leaf slope distribution, and for the stalks and cobs
cases we attribute it to the nonuniform azimuthal density
of the cob’s locations on the stalks. This last contention
is based on measurements that were made two months later
for stalks alone (Fig. 10) and for stalks and cobs together;
when cobs were not present, Tz was the same for both V-
and H-polarizations at nadir.

V. CaNory MODEL

The results reported in the previous section provide in-
formation about the general behavior of canopy emission
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Fig. 11. Angular variation of effective canopy transmissivity T and albedo
w for perpendicula look direction at (a) 2.7 GHz and (b) 5.1 GHz.

and about the roles of the incidence angle 8, the look di-
rection defined by the azimuth angle ¢, the polarization
configuration p (V or H), and the frequency f (limited to
2.7 and 5.1 GHz in this study). To model the emission
from a vegetation canopy, we will a) adopt the model
given by (1); b) regard the two canopy parameters, w and
T, as effective model parameters that are functions of 6,
¢, p, and f; c) use radiometric observations to determine
w and T; and d) relate w and T to the physical parameters
of the canopy. As a test, we will evaluate the performance
of the model against the measured data.

To determine w and T, the brightness temperature was
measured for a) bare screens (which provided I',.), b) can-
opy over screens, c) bare absorbing material with an
emissivity close to unity, and d) canopy over the absorb-
ing material. From these four observations, it is then pos-
sible to calculate w and T, using the form of (1) appro-
priate to each of the four conditions. Figs. 11 and 12
display the results in the form of angular plots for w and
T at 2.7 and 5.1 GHz for ¢ = 0° and 90°. We observe
that

a) T is smaller at 5.1 than at 2.7 GHz.

b) T exhibits a strong dependence on 6 for ¢ = 90°
compared to the absence of a discernible variation for ¢
= 0°.

¢) The albedo w is generally smaller at 5.1 GHz than
at 2.7 GHz. This result is contrary to expectations based
on Rayleigh scattering.

d) w generally decreases with increasing 8, particularly
in the near-nadir angular region.

e) Near nadir, w is much larger when the electnc field
vector is parallel to the row direction (p = H and ¢ =
90°, orp = V and ¢ = 0°) than when it is perpendicular
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to the row direction (p = V and ¢ = 90°, orp = H and
¢ = 0°).

Next, we shall summarize the results of attempts made
to relate Tz and T to the physical parameters of the can-
opy. The data, which were acquired as a function of time
over the growing season, included Tp measurements for
perpendicular look direction and measurements of several
canopy and soil biophysical parameters. Statistical regres-
sion analyses were performed for Tz and T as a function
of canopy height h, wet biomass density p,, (kg * m™>),
canopy water density p,, (kg + m~?), dry biomass density
pas» integrated water content W = ph (kg - m~?), and
other products of biomass density and height. It was found
that Tz and T correlate highly with A, p,,, and p,, for the
first half of the growing cycle but not for the entire cycle.
Examples are shown in Fig. 13.

The experiment leading to the results shown in Figs. 11
and 12, which included radiometric measurements of the
canopy with both screen-covered soil and absorber-cov-
ered soil, was conducted only once during the growing
season. The availability of data for the low-emissivity
screen-covered soil and high-emissivity absorber-covered
soil allowed us to estimate effective values for the albedo
w and the transmissivity T. As discussed earlier, we ex-
pect w to exhibit a much weaker dependence on the bio-
physical properties of the canopy than T would. To obtain
approximate estimates of the variation of T with time, we
shall assume that the values of w given in Figs. 11 and 12
remain constant with time. This assumption allows us to
use the record of T (measured over the growing season)
for the canopy over the screen-covered soil to compute T
and then to relate it to the canopy’s biophysical parame-
ters. The result of this procedure is illustrated in Figs. 14
and 15 for soybeans at 2.7 GHz. In Fig. 15, the trans-
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Fig. 13. Variation of brightness temperature at 2.7 GHz with (a) canopy
height and (b) wet biomass density p,,.
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missivity T may be related to the integrated water W
through a simple formula based on linear regression.
Using this formula in (1), Tz was calculated for each of
the dates on which data were available and then compared
to the measured values, as shown in Fig. 16. The albedo
was treated as a time-independent constant, and the re-
flectivity of the screen-covered soil I, also was assumed
constant; its value was obtained from the bare-screen ob-
servations discussed earlier. :

To evaluate the model for the case in which the soil
surface is not covered by a screen, the model was applied,
with one modification, to the data acquired for the ‘‘nat-
ural’’ soybeans field: the ground reflectivity was taken as
a function of the volumetric soil moisture content m,

r, = 0.0112 m, — 0.05
6 = 10°

p=H

f = 2.7 GHz.

The above expression was based on radiometric obser-
vations made for a bare-soil surface that had been pre-
pared for soybean planting, but which was left bare in-
stead. Fig. 17 compares the model predicted values of Tg
with the experimental observations. Considering the rel-
ative simplicity of the model and the narrow dynamic
range of Ty, the overall agreement between the model and
the data is fairly good.

V1. CoNCLUDING REMARKS

This study has shown that the microwave emission from
vegetation canopies planted in parallel rows exhibits a)
nonisotropic behavior in azimuth and b) a polarization de-
pendence related to the slope distribution of the canopy
scatterers (such as leaves, stalks, and branches). For a
given look direction, polarization configuration, and mi-
crowave frequency, it is possible to use a simple zero-
order radiative transfer model to predict the emission from
the canopy. The next step, which is the subject of future
research, will be to relate canopy albedo and transmissiv-
ity to a) large-scale canopy structure (row orientation and
spacing), and b) dielectric constants, sizes, and slope dis-
tributions of the scatterers.
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ABSTRACT

This paper introduces an effective technique for characterizing
the propagation properties of a forest canopy. The technique
requires the use of a polarimetric scatterometer, which is a
calibrated radar capable of measuring the complete
backscattering matrix (amplitude and phase) of the scene it
illuminates. A truck-mounted 1.6 GHz polarimetric
scatterometer was used from a 19 m high platform to measure
the backscattering from a dense canopy of pine trees at an
incidence angle of 40°. Two sets of measurements were made
at each of many spatial locations, one set with and the other
without a trihedral comer reflector present on the ground
surface underneath the canopy. From the two sets of
polarimetric measurements, it was possible to determine the
mean values and the statistical distributions of the canopy
attenuation factors for horizontal and vertical polarizations. The
mean values of the one-way attenuation factors were found to
be 9.31 dB for horizontal polarization and 9.16 dB for vertical
polarization.

1. INTRODUCTION

The propagation properties of a forest canopy play a
fundamental role in the development of microwave remote
sensing models that relate the radar backscatter to the
biophysical properties of the canopy. To date, however, only a
few experimental investigations.have been conducted (Refs.
1-4) to measure the attenuation of forest canopies at microwave
frequencies. ‘This is attributed in part to the difficulties
associated with measuring the propagation properties of a forest
canopy. The difficulties are related to the inhomogeneous,
random, and possibly anisotropic nature of the medium.

The approaches traditionally used to measure the propagation
characteristics of an inhomogeneous random medium are of
two types. The first type involves the use of a transmitter on
one side of the layer whose propagation properties are to be
measured and a receiver on the other side. Because the medium
is inhomogeneous, it is necessary to measure the loss and
phase delay through many paths in the layer to establish the
mean values and associated statistics of the attenuation
coefficient ap and phase constant bp. The subscript p denotes

the polarization configuration under consideration. Usually,
the quantities of interest are ap, ay, and Db = by, - by, where

the subscripts h and v denote ho/x:izonta] and vertical
polarizations, respectively, and h is defined to be parallel to the
earth's surface.

For a forest canopy, the transmitter-receiver technique is
somewhat cumbersome to use, particularly at oblique

incidence, because of problems associated with proper pointing
and positioning of the antennas.

In the second approach, which is a modified version of the first
one, the transmitter and receiver are co-located (radar mode) on
one side of the layer (Fig. 1), and the quantity measured by the
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Figure 1.
canopy with a point target underneath.

receiver is the signal backscattered from a strong target of
known radar cross section placed on the other side of the layer.
Because the received signal contains backscattering
contributions from both the reference target located behind (or
below) the layer and from the layer itself, the precision
associated with the measured two-way attenuation of thg !ayer,
is governed by the amplitude ratio [El / [Epl. The quantities Er
and Ey, are the fields backscattered from the reference target and
the "background” layer, respectively.

A traditional radar measures IEIZ, where E = E; + Ep, and

through calibration, IE2 is converted to units of radar cross
section s. If the background contribution is negligible, the
radar will measure the radar-cross- section of the reference
target (sp) attenuated by the intervening canopy,

-21
c=o0ce (hH
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where t is the one-way slant path optical thickness of the
canopy.

In order to measure t with good accuracy, it is necessary to
select the reference target such that its cross section s is

sufficiently large to insure that

@

If the objective is to measure t with a precision of +1 dB, the
ratio on the left-hand side of Eq. 5 should be equal to or greater
than 100 (Ref. 5, pp. 768-770).

=2t
c.e /ob>>1 .

Let us now consider a specific example. Assume that a
narrow-beam 1.6 GHz radar antenna is used to illuminate a flat
-metal plate oriented normal to the illumination and placed
undemeath a tree canopy. If the antenna footprint area A on the
ground is about § m2, and the backscattering coefficient of the

trees alone (with no metal plate present) is cg=0. Im'm

’

then °b=°8A=0‘5 m . Assuming a 10 dB one-way loss due to

the layer, the two-way loss term exp(-2t) = 0.01. A flat metal
plate is chosen for this example because among passive

reflectors it provides the highest radar cross section for a given
physical cross section A;. If we set sy exp(-2 t) / sp = 100 and

use the values given above, w; ﬁ;d that sy should be 5000 m2.
From the relationship ¢ SATA /A, we find that A r should be

3.7 m?2 at 1.6 GHz. The half-power beamwidth of a square or
circular metal plate with such an area is about 2.5°, which
makes it difficult to point the reflector properly with respect to
the radar antenna. In essence, the pointing accuracy has to be
better than about 0.7° in order for the error associated with the
estimated value of t to be less than 1 dB. A wider- beam
trihedral comer reflector may be used instead, but in that case
the length L of its aperturg edges will have to be 3.6 m each in
order for s; to be S000 m#; for a trihedral corner reflector,

Sr=pP L4/312 (Ref. 5, p.776). Clearly, this is a large trihedral

to use in a forest canopy. Moreover, if a measurement
precision of better than +1 dB is desired, the trihedral will have
to be even larger and heavier.

Instead of this "brute force" approach, we propose to use a
polarimetric technique that involves measuring the scattering
matrix of the tree canopy with and without a trihedral reflector
underneath. The propagation parameters of the canopy may be
derived from these measurements using a much smaller
trihedral reflector, and the associated accuracy is far superior to
that associated with the tradidonal amplitude-only technique.

2. POLARIMETRIC RADAR MODEL

When a point target is present underneath a vegetation canopy
(Fig. 1), the backscattered signal is composed of a contribution
due to the canopy, a contribution due to the point target and
attenuated by the intervening medium (the canopy), and a third
contribution due to interaction (multiple scattering) between the
canopy and the point target. We assume that the interaction
contribution is negligible small in comparison to the other two
contributions, and therefore ignore it. This assumption is
supported by measurements that were conducted for a canopy
of pine trees with and without a trihedral corner reflector
present in the illuminated area. The measurements for trees
alone indicated that the canopy produces significant
depolarization. When the trihedral was placed under the
canopy, the co-polarized returns (hh and vv) exhibited a
measurable change, as expected, but the cross- polarized
returns (hv and vh) did not. This implies that an insignificant
amount of the co-polarized energy backscattered from the
trihedral reflector is converted by the canopy to cross-polarized
energy. Thus, as a first order model, it is reasonable to ignore
the interaction contribution and to model the scattering matrix of
the canopy with the point target present as:
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(3)

where the phase reference is taken to be the top of the canopy,
and

[(S)=[T1 + (L} [P (L],

[S] scattering matrix of trees with point target,

[L] = one-way propagation (loss) matrix of
canopy,

[Pl = scattering matrix of point target,

[T] = scattering matrix of trees alone.

The matrices [S] and [L] are given by

S H)hvS
id hh hv €
[S] - e hhs ' v ' (4)
Jq’vhS J‘bva
Svhe vt ]
Lhe 0
[L] = ' , (5)
’]¢VL
0 e
R R
L =exp —Ja dR|. ¢ =Jﬁ dR, pe {h,v},
a ok | KL ©)

where R is the total path length through the canopy to the point
target, 3, and by, are the canopy attenuation coefficient and

phase constant for polarization m, and

s = %ns = Pnns - ™
Matrices [P] and [T] are identical with [S] except for replacing
the symbol S with P and T everywhere, respectively. Using a
polarimetric scatterometer, we can measure [S], [P], and [T},
and then use Eq. 3 to determine the loss matrix [L].

3. PROPAGATION EXPERIMENT
Polarimetric §

The measurement system consists of an L-band polarimeter
operating from the end of an extendable boom mounted on a
truck (Fig. 2). A variable-angle mount is used to connect the
polarimeter to the boom allowing the incidence angle of the
radar illumination to be varied. The polarimeter consists of a
HP8753 vector network analyzer, a pulse generator and
switching network, and a transmit-receive RF unit section. A
detailed description of a similar system that operates at
millimeter wavelengths is given in (Refs. 7, 8). The HP8753
network analyzer and the switching network are housed on the
bed of the truck while the transmit- receive RF unit is mounted
at the top of the boom.

3.1

Figure 2 depicts the layout used to measure the propagation
properties of the pine canopy. The average canopy height was
approximately 13.7 m, the radar antenna was at a height of 19
m above the ground, and the observations were made at an
incidence angle of 40° relative to normal incidence. The truck
boom was rotated in a conical scan arrangement, thereby
maintaining the range to the ground constant for all
measurements. Measurements were made at 30 locations
approximately 1 m apart. The first four locations were outside
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Photograph showing truck-mounted radar
next to the pine-tree forest canopy.

Figure 2.

the canopy, and the remaining locations were inside the
canopy. At each of the 30 locations, two scattering matrix
measurements were made, one with the trihedral reflector
placed in the illuminated area and another without the trihedral
reflector (grass or trees alone). The proper location for placing
the trihedral reflector was determined using a simple telescopic
and ranging arrangement referenced to the base of the boom
and its azimuth orientation. The dimensions of the antenna
footprint on the ground were 2.3 m in the azimuth direction and
2.5 m in the range direction, and the triangular front surface of
the trihedral corner reflector had 85-cm edges.

3.2 Canopy Description

The experimental data described in this study was obtained
from a small plot of mature red pines (pinus resinosa) located
within the University of Michigan's Nichols Arboretum on a
river terrace south of the Huron River. This particular plot of
red pines was selected because (1) it is densely planted, which
results in the gross stand morphology characteristic of a "closed
canopy,” (2) its dense planting and high biomass per unit area
yields a somewhat extreme case in terms of the foliage
penetration problem, and (3) it is adjacent to a level grassy area
that provides an unobstructed (by the canopy) view of point
targets used for system calibration.

The red pine plot consists of a pure stand of trees (averaging
13.7 m height) with a crown layer of foliage approximately 4 m
thick. The tree boles (trunks) are gently tapered cylinders with
diameters at breast height (dbh) ranging from 15 cm to 25 cm
(average dbh = 19 cm). The stand is densely spaced with 0.23
boles/mZ (2,291 boles/ hectare). Hence, approximately 12% of
the stand area is covered with trunks.

The relative dielectric constant of the boles was measured at
L-band (1.2 GHz) in situ using a field portable dielectric probe.
The technique is based upon reflection from an open-ended
coaxial probe. The average relative dielectric constants
measured are € = 3-j0.1 for the bark layer and e = 18-j6 for the
sapwood.

3.3 Reference Target

The theoretical scattering matrix for a trihedral comer reflector
is given by

1 0
P = —PO 0 Ll (8a)

with

For L = 85 cm and 1 = 18.75 cm, P(y = 3.93 m corresponding
to a maximum radar cross section of sp = 11.9 dBmZ. The

scattering matrix measured by the polarimetric scatterometer
(with the phase of the hh term as reference) was

1 0.028

P =429 i | (8b)
0.029 1.04¢

Comparisoq of Eq. 8a with Eq. 8b shows that (1) the measured
value of P(y is within 10 percent of the calculated value, (2) the
measured Pyy, deviates from the measured Py, by only 4
percent, and (3) the measured cross-polarized terms are very
small. The ratio Pp,/Pyy = 0.028 is equivalent to -31 dB,

which is approximately equal to the polarization isolation of the
antenna.

3.4 Results

Using the polarimetric scatterometer, the matrices [S], [P], and
[T] were measured and then used in Eq. 3 to compute [L]. This
technique was applied to each of the 26 sets of measurements

made, and the results are shown in Fig. 3. Parts (a) and (b) of

, o 2
Fig. 3 show the distributions for I‘h and L, . the one-way power

loss factors, in dB. The mean values are -9.31 dB for h
polanzauon. ang:l -9.16 dB for v polarization. Part (c) of Fig. 3
shows the distribution for the phase difference 2(fyL - fh) ; its
mean value is 4.23°. These results, namely that the mean
values of Ly and Ly are approximately equal and the mean
value of the propagation phase difference is approximately

zero, suggest that the pine canopy is approximately an isotropic
medium.

PINE (40 deg. incidence)
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Figure 3.  Distribution functions for the one-way power

2 2
losses Lh and Lv and the two-way phase
difference 2(¢VL— q’hL) for pine trees.
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4. CONCLUDING REMARKS

The precision associated with the values of the canopy loss
factor measured using the polarimetric technique is estimated to
be on the order of + 0.3 dB. The primary source of error is
due to orientation-related variations in P, (the scattering
amplitude of the trihedral reflector) arising from deployment
errors. The trihedral reflector used in the experiment described

: . . 2 2
in the preceding section had an aperture Al= ﬁ L/A4A=03m.

In comparison, with the amplitude-only measurement
technique. A would have had to be about 17.7 m? in order to
achieve the above accuracy of +0.3 dB, even if we ignore the
deployment-related errors altogether.
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