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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
- @ 'uniform resistive sheet constitutes such a model for a planar leaf, The scattering is determined by the
(complex) resistivity which is, ih 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 sec-
tions of a regularly shaped (elliptical or rectangular)
flat leaf?

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

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

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

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

2. EXPERIMENTAL PROCEDURE

The radar cross section (RCS) measurements re-
ported in this paper were made at 10 GHz using a
small rectangular horn antenna connected to a HP
8510A network analyzer, as illustrated by the sketch
in Figure 1. The horn antenna, whose aperture mea-
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Fig. 1. Schematic of the RCS measurement sjfétem.

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

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 ¢ 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 c¢m 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-

System sensitivity and calibration

SENIOR ET AL.: BACKSCATTERING CROSS SECTION OF A LEAF

sured RCS with theoretical values computed from
the Mie series. The continuous curve in Figure 2 is a
plot of 6/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 tepresents 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): :

¢ = 395 exp (2.79 Mg) — 2.25 .
g’ = 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

o/l
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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 @ about a vertical axis, with § =0
corresponding to normal incidence. Each measure-
ment scan consisted of ¢ versus ¢ 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), 7%
(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 ¢ (mm) with
Mg is given by the empmcal expression

© = 0032 Mg? + 0.091 Mg + 0.075 )

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 )
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
kg —1)

ohms per square. In (3) k 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 = «©
it ceases to exist.

C)
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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

[AxEl*=0 @

implying continuity of the tangential electric field (a

consequence of the absence of any magneuc current),
and

ﬁx(ﬁxE)w—IU 5

where

J=[ixH]Z - (6)

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= felb[xsin%—ymeo}
implying
H' = —Y(% cos 0, + § sin fo)elktxsin o=y con0)

(16,1 < m/2) (7

The reflected and transmltted electric vectors can be
wntten as :

Eb - _zﬂr-seﬂn(xllnao-l-yman)
and

Es = fueh{alln%-rmﬂol

respectively, where I'; and T are constants still to be
determined, and by applying the boundary con-
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ditions (4)—(6), we obtain
Ig= (l + E cos 8,,)-1 - (8)
_ z
Ty = -22}—{— cos 8, T ©

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

J, = 2Y cos 0, [y e=*int (10)

aﬁd recognizing that for a perfectly conducting sheet
Tg =1, it follows t_hat

J, =TgJ¥ (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 coeflicients are

ZR =1
r,,=(1 + — sec oo) (12
_ Z
and
2R
Ty="5 ¢ 6Ty (13)

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

J, = 2Ty ehsrinto (14)

Thus
J, =TyJx (15)
If R # 0, Ty decreases with increasing 6, and van-

ishes at grazing incidence (8, = +7/2).

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

olklF-¥|

ﬁ(!’)-z—-—J‘ I 1%, 7) dx a7
=afl J=bj2 I

“where

F=r—Xsin0@+ jcosb) = F=3xXx+27

and in the far field
#(F) = ff — Iy cos 6, -[ dz'J. glkraino+ainto) g
2 b2 =af2

sin X

Nl 9, 22
kr 2m O o

with
x==%a—(sin8+sin_60)
The scattered electric field is then
Cad .
E=z - 85(6,. 8,)

where the far-field amplitude is

sin X

i
Si(6, 60) = >~ K?ab c0s 0Ty (16)
n

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

12
g=—|8?
n

(17
implying

ab 2
o6, 65) = 4| — sin X

7 o8 6,7 g (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

v iz

sz
X——abT
wF) = kr 2n X

The scattered magnetic field is then

ikr

e
B = £ — 5,(6,6,)
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with
sin X

S(0, 65) = — 2'; k* ab cos 0 T'y (19)

and the bistatic scattering cross section is
sin X |
X

ab
9u(0, 8) = 4 | — cos 6 Ty (20)
In the backscattering direction (8, = 6) the only
polarization dependence is provided by the parame-
ter I' and

g z,u(ep 6) = |Fx.n|2.§pe (21)

where o, is the backscattering cross section of the
perfectly conducting plate:
A sin (ka sin 6))2
orw-h{lcosﬂ Ya oin } (22)

in which A4 = ab is the plate area. In terms of the
far-field amplitude S(8, 6,) the extinction cross sec-
tion is

2

A
o = = Im S(6, 6 + n) (23)

and thus

0% =24 cos O Re Tz (24)

We recognize 24 cos @ as the extinction cross section
of a perfectly conducting plate of area A4, and at
normal incidence

a,lxxl = Ugl

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

113

polarized, the formula is equivalent to an asymptotic

expansion of the uniform results of Khaskind and
Vainshteyn [1964], and when specialized to the case
of backscattering, the far-field amplitude of the plate
is

Su(6,6) = ~

2
(1 + sin 6) [l —— g in4
{ 7

T

(il (-3)) e

—(1 —sin B)l:l - --2-— e~ "% gin (E - 8)
f 4 2

4n sin 0

T

A9

for | 8| < n/2, where the phase origin has been chosen
at the center of the plate and F(x) is the Fresnel
integral

(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 Sy 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]
gives

2
Sg(0, 6) = {(l — sin 9)[1 ——eine
.\/_ ..

n

o (i (G- e

~(1 +si 9)[1--—2—— ~in4 g 3(f~f)
sin \/;e sin P P

4n sin 6

2
) e B
[Senior, 1979], where
i 2
G(x) = F(x) — E-x- e (28)

In Figure 3 the theoretical expressions are com-
pared with measured data for a plate having b = 24
and a = 1.331. 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 a, 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) is 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 rectangulér plate of uniform resistivity R,
formulas analogous to (25) and (27) can be derived

SENIOR ET AL.: BACKSCATTERING CROSS SECTION OF A LEAF
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Fig. 4. The measured RCS (asterisks) of a rectangular section
(a = 4 cm,jb = 6 cm) of a freshly cut coléus leaf (Mg = 0.85) for (a)
H polarization and (b) E polarization. The strip model provides
very little improvement over the phys:cal 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 spécular
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 V olakis, 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 (aslterisks) 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

MEASURED CROSS SECTION

P Ea N — I
60 55 50 45 25 -2
CM..CU[AT_ED, CROSS SECTION

T
-9 -35 -30

T
-15

™
~10
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 A = 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 apppb_xi-
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
¢m, implying b = 7.1 ¢m, 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/, 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, an
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

SENIOR ET AL.: BACKSCATTERING CROSS SECTION OF A LEAF

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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