Re-examination of analytical models for microwave
scattering from deciduous leaves
Y. Oh and J.-Y. Hong
Abstract: This paper presents an examination of classical scattering models for radar cross sections
of deciduous leaves, such as the generalised Rayleigh-Gans (GRG) model and the physical optics
(PO) model. The PO model employs the resistive sheet approximation in this study. The validity
regions of the analytical models for microwave scattering from deciduous leaves are investigated
by comparison with the precise numerical results of the method of moment. It was found that the
GRG and PO models extend their validity regions for estimating the scattering amplitudes as the
thickness of a lossy dielectric disk decreases. The GRG and PO models can be used alternatively
for computing the scattering matrices of natural deciduous leaves at microwave frequencies regardless of the size of the leaves, because of the very small thickness of the leaves (0.2 – 0.4 mm).

1

Introduction

The radiative transfer theory has been commonly used in
computations of microwave backscatter from vegetation
canopy for radar applications [1, 2] and microwave propagation through vegetation for designing wireless communication services [3]. It is necessary to precisely compute the
scattering matrices of leaves at microwave frequencies to
compute the phase and extinction matrices of the crown
layer. A deciduous leaf larger or comparable to a wavelength has been usually modelled as a randomly oriented
dielectric resistive sheet and the scattering matrix of this
leaf has been computed using the physical optics (PO)
model [4]. On the other hand, the scattering matrix of a
deciduous leaf smaller or comparable to a wavelength has
commonly been computed using the generalised
Rayleigh-Gans (GRG) model [5].
The interior field in the PO approach is assumed to be the
same as that of an infinite disk, which is often considered to
be only valid at high microwave frequencies for natural
leaves. In the GRG approach, the electric field inside the
dielectric disk is approximated by the incident electric
field, which is often considered to be valid in low microwave frequencies. The radar cross section (RCS) of a dielectric sheet was computed using these models and compared
with the method of moments (MoM) with an approximate
boundary condition at 1 and 10 GHz [6, 7]. Frequency limitations of the analytic scattering models need to be examined
for dielectric disks having dimensions of natural leaves. The
GRG and PO approximations for elliptical and circular
dielectric disks are reviewed inceptively. Then, a full-wave
analysis with the MoM [8] is performed to examine the
accuracy of both analytical scattering models.
Fig. 1 shows a coordinate system of the scattering
problem with a plane wave incidence on an elliptical dielectric disk lying on the x – y plane and the forward scattering
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assignment as in [9] with k^ i ¼ sin ui cos fi x^ þ sin ui
sin fi y^ þ cos ui z^, h^ i ¼ z^  k^ i =j^z  k^ i j, v^ i ¼ h^ i  k^ i and (^vs ,
h^ s , k^ s ), which can be obtained from (^vi , h^ i , k^ i ) by substituting i’s with s’s.
A volume current density J̄(r) is induced in the dielectric
disk with an incident electric field of
^
Ei (r) ¼ q^ i E0 eik ki r

(1)

where q^ i ¼ v^ i for a vertically polarised incidence wave or h^ i
for a horizontally polarised incidence wave, k is the wavenumber of the incidence wave, r is a position vector at an
observation point and a time convention of exp[2ivt] is
assumed. Then, the electric fields scattered from the dielectric body are computed using the electric current density
J (r0 ) and the dyadic Green’s function G(r, r 0 ) by
ð
s

(2)
E (r) ¼ ik0 h0 G(r, r 0 )  J (r0 ) dv0
V

p
where k0 ¼ 2p/l0 and h0 ¼ ðm0 =10 Þ. The dyadic Green’s
function is given as in [10]


rr
G(r, r 0 ) ¼ I þ 2 G(r, r 0 )
(3)
k
where I is an identity dyad, and
0

eikjrr j
G(r, r ) ¼
4pjr  r 0 j
0

(4)

In the far field, the scattered fields can be calculated with
the following approximated equations
ikr

e
^
eik ks r
G(r, r 0 ) ’ (^vs v^ s þ h^ s h^ s )
(5)
4pr
The current density J (r0 ) in the dielectric disk is obtained
in a simple form with appropriate assumptions for the
analytical models (the GRG and the PO approximations)
in Section 2, whereas J (r0 ) is computed precisely applying
the MoM on an integral equation derived by using (2), (3)
and (4) for a full-wave analysis in Section 3. Then, the scattered fields are computed using (2) and (5) for the analytical
0
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A¼

z^ z^
x^ x^
y^ y^
þ
þ
1 þ (1r  1)g1 1 þ (1r  1)g2 1 þ (1r  1)g3
(10)

The demagnetising factors, gi(i ¼ 1 2 3), can be written
for an elliptic disk-shaped leaf (a . b  (t/2)) as

Fig. 1

Coordinate system of the scattering problem

g1 ¼

t pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2ﬃ K(e)  E(e)
1e
2a
e2

(11a)

g2 ¼

t E(e)  (1  e2 )K(e)
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2a
e2 1  e2

(11b)

g3 ¼ 1 

and numerical models. Because of the very small thickness
of a deciduous leaf, the MoM technique employs a very thin
brick grid. The accuracy of the MoM technique with the thin
cells is verified in Section 3. In Section 4, the scattering
amplitudes of various leaves are computed by the analytical
models and compared with the full-wave method. Then, the
accuracy of each analytical model is investigated in microwave frequencies using the precise numerical results.

ð1
J0 (Ql)l dl ¼ 2pabt
0

Analytical models

In this section, the formulae of the GRG and PO models are
briefly introduced. For the GRG model, the internal field
within the dielectric disk is assumed to be the same as the
incidence field assuming the leaf size is lesser than a wavelength (ka  1), and the phase interference of the scattering
is retained. For the PO approximation, the edge effect is
ignored assuming that the leaf size is much greater than a
wavelength. Moreover, the thin leaf can be assumed to be
a resistive sheet.
The scattered field vector is related to the incident field
vector in terms of a dyadic scattering matrix S as follows
e
Es (r) ¼
S(k^ s , k^ i )  q^ i E0
r

(6)

where the scattering amplitudes, which are elements of the
scattering matrix, Spq for a q-polarised incident wave and a
p-polarised scattered wave can be written by
Spq ; p^ s  S(k^ s , k^ i )  q^ i

(7)

2.2

The equivalent current density J (r0 ) in (2) Rcan be approximated to a surface current distribution J s (r0 ) [4] on the
resistive sheet lying on an x 2 y plane as
R
pc
J s (r0 ) ¼ J s (r0 )Gq
pc



2R cos u0
Gh ¼ 1 þ
h0

1



2R
and Gv ¼ 1 þ
h0 cos u0

1
(14)

with
p, q ¼ v, h

(8)

GRG approximation

Assuming the disk is very small relative to a wavelength,
the field inside the disk is approximated to the incident
field E i (r0 ). Then, the scattering amplitude is given in [11]
as follows
k2
(1  1)(^vs v^ s þ h^ s h^ s )  A  q^ i M(k^ s , k^ i )
4p r

ih0
k0 t(1r  1)

(15)

where R is the resistivity of the leaf, u0 ¼ p 2 ui , and t is
the leaf thickness.

(9)

for a q^ -polarised incident wave and a p^ -polarised scattered
wave where q^ i ¼ v^ i or h^ i , and p^ s ¼ v^ s or h^ s . The polariability tensor A is given in [11, 12] as
618

(13)

where J s r 0 is the PO surface current of a perfect conductor.
The horizontal and vertical reflection coefficients (Gh and
Gv) for a resistive sheet can be derived using the impedance
boundary conditions as in [4]

R¼

Spq ¼ p^ s 

(12)

PO approximation

Then, the RCS of the dielectric disk is computed by

spq ¼ 4pjSpq j2

J1 (Q)
Q

p
where t is the thickness of the disk, Q ¼ ð(kx a)2 þ (ky b)2 Þ,
kx ¼ k(k^ i  k^ s )  x^ and ky ¼ k(k^ i  k^ s )  y^ . Fig. 2 shows the
cross section of a dielectric oblate spheroid with a, b and c.

ikr

2.1

(11c)

p
with e ¼ ð1  (b=a)2 Þ. K(e) and E(e) are the elliptic integrals of the first and second kind, respectively, and can be
computed with polynomial approximations as in [13].
The modifying factor M can be obtained by integrating
the phase term exp [ik(k^ i  k^ s )  r 0 ] over the volume of a
dielectric oblate spheroid, with a couple of integral transformations
M(k^ s , k^ i ) ¼ 2pabt

2

t E(e)
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2a 1  e2

Fig. 2 Cross sections of a dielectric slab for the analytical
models and the MoM
IET Microw. Antennas Propag., Vol. 1, No. 3, June 2007

The scattering amplitude for a q^ -polarised incident wave
and a p^ -polarised scattered wave is given as
Spq ¼ p^ s 

ik
(^v v^ þ h^ s h^ s )  [^z  (k^ i  q^ i )]Gq m(k^ s , k^ i ) (16)
2p s s

where the phase interference function m(k^ s , k^ i ) is the same
with M(k^ s , k^ i ) in (12) except the multiplying factor t.
For example, Svh can be computed by substituting h^ i into
q^ i and v^ s into p^ s presented in (16).
3

Full-wave analysis

3.1

(22b) are given by

Formulation

At first, we obtain the equivalent volume current J (r0 ) in the
dielectric disk as
 r0 )
J (r0 ) ¼ iv1[1r  1]E(

(17)

from the Maxwell equations, where 1r is the complex
 r0 ) is the total electric
dielectric constant of the disk and E(
field including the incident and scattered fields,
E ¼ E i þ Es . Then, an integral equation can be obtained
by substituting (2) into (17) as
ð
J (r)  k02 (1r  1) G(r, r 0 )  J (r0 ) dv0
V

¼ iv1(1r  1)Ei(r)

(18)

The unknown current density J (r) in the leaf can be computed numerically using the MoM. Among many other basis
functions, the volumetric brick was chosen as the basis
function for simplicity in the limit of electrically small subdomains. Using the point matching technique, the integral
equation (18) can be cast into the following matrix
2 xx
2 x 3 2 x 3
xy
xz 32 x 3
[Zmn ] [Zmn
[In ]
[In ]
[Vm ]
] [Zmn
]
6 yx
6 y 7 6 y 7
yy
yz 76 y 7
4 [Zmn ] [Zmn ] [Zmn ] 54 [In ] 5 ¼ 4 [In ] 5 ¼ 4 [Vm ] 5
zx
zy
zz
[Zmn
] [Zmn
] [Zmn
]

[Inz ]

[Inz ]

[Vmz ]

(19)
where Inp is an unknown constant of the nth basis function
for the p-component of the volume currents ( p ¼ x, y, z),
and
^

Vmp ¼ iv10 [1r (rm )  1]^q eik0 ki rm  p^

p ¼ x, y, z

pq
Zmn
¼ dpq dmn  k02 [1r (rm )  1]
ð
Gpq (rm , r n ) dvn p, q ¼ x, y, z


(20)

(21)

DVn

where dpq and dmn are the Kronecker delta functions, and rm
and r n represent the mth matching position (observation
point) and the nth integration position, respectively. The
elements of the dyadic Green’s function are found to be
Gpp (rm , r n ) ¼ G(R) þ
Gpq (rm , r n ) ¼

1 @2 G(R)
k02 @p2

1 @2 G(R)
k02 @p@q

p=q

(22a)
(22b)

where p, q ¼ x, y, z and R ¼ jrm  r n j. Explicit form of
differentiations of the Green’s functions in (22a) and
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 2

@2 G(R)
pmn f1 (1  ik0 R)
¼
G(R)

R4
@p2
R2

(23a)

@2 G(R)
p q f1
¼ G(R) mn mn
R4
@p@q

(23b)

p=q

where pmn ; pm 2 pn , qmn ; qm 2 qn and f1 ¼ 3 2 i3k0R 2
k20R 2.
For a diagonal term of the Z-matrix (n ¼ m), the second
derivatives of the Green’s function G(R) produces the wellknown singularity. However, we can avoid this singularity
by introducing an auxiliary function g ; 1/4pR and subdividing the integral region to a small sphere V1 centred at the
observation point and the other part as in [8]
ð
ð
ð
1
Gpp dv ¼
Gpp dv þ
G dv þ 2
k0
DVn
DVn V1
V1
"ð
#
ð
@2
@2

(G  g) dv þ
g dv
2
2
V1 @p
V1 @p
(24)
We can evaluate explicitly the integrals in the third and
fourth terms of the above equation for a small sphere with
radius a, which leads to 2(1 2 ika)eika/3. The integral of
the second term in (24) is also explicitly evaluated and
results in f21 þ (1 2 ika) eikag/k20. Therefore (24) becomes
ð
ð
Gpp dvn ¼
Gpp dvn
DVn

DVn V1

þ



1
2
ika
(1

ika)e
1
þ
3
k02

(25)

The first integral of the right side of (25) was evaluated
using a numerical integration technique. Once the elements
of the impedance matrix [Z] and the excitation vector [V]
were calculated, the unknown equivalent volume current
[I ] inside the dielectric body can be found by inverting
(19). Consequently, the scattering amplitude Spq can be
computed using (2), (4) and (5).
3.2

Verification

A deciduous leaf can be assumed to be a circular or elliptical dielectric disk with a thickness t of about 0.02 – 0.04 cm
as shown in Fig. 2. The thickness is very small compared to
the wavelength; for example, about l/140 for 5.3 GHz. If
we use cubic cells for the MoM, the size of the matrix for
this problem will be very large: for example,
19 600  19 600 for a 1l  1l dielectric disk. Therefore
we need to use thin-disk-type cells for the MoM computation with precise manipulation. The dielectric constants
of the leaf, corresponding to the gravimetric moisture
content of Mg (g/cm3), are obtained from an empirical
formula in [14]. For example, Mg ¼ 0.6 g/cm3 corresponds
to 1r ¼ (19.2, 6.4) at 5.3 GHz.
The first step for the verification of the MoM is to
examine the numerical code by comparing the computation
results of a simple structure with other computation outputs
reported in literature. Fig. 3 shows an excellent agreement
among the bistatic scattering RCS computed by this MoM
code, simulated by a commercial simulation tool (highfrequency structure simulator), and those reported in [15]
for a dielectric cube with a length of a ¼ l/5 and a dielectric constant of 1r ¼ 9.
619

Fig. 3 Verification of the MoM technique with other numerical
results for the RCS of a dielectric

The second step of the verification is to examine the
effect of the cell shape. The numerical integration for the
diagonal terms of the impedance matrix elements was optimised with a subdivision technique for thin cells. At first,
the forward scatter RCS of a circular disk (D ¼ 1l,
t ¼ l/20 and 1r ¼ 19.2 2 j6.4) with cubic cells (l/20 
l/20  l/20) was compared to the RCS with non-cubic
cells (l/20  l/20  l/40) at VV- and HH-polarisations.
For the latter case, the dielectric disk consists of two
layers of l/40 -thickness bricks. It was shown that the
code is good for non-cubic cell division. As the second
test, backscatter RCS of a very thin lossy circular dielectric
disk (D ¼ 1l and t ¼ l/50) was computed with two different types of cells; a single-layer disk with l/20  l/
20  l/50 cells and a double-layer disk with l/20  l/
20  l/100 cells. Numerical results for these two cases
are the same, which gives confidence on the MoM technique
with very thin brick cells.
4

Comparison of models

The backscatter and forward-scatter RCSs are computed for
a typical deciduous leaf for various frequencies and angles.
A typical oak leaf is selected, as an example, which is an
elliptical disk with a major axis of 2a ¼ 12 cm, a minor
axis of 2b ¼ 5 cm, a thickness of t ¼ 0.02 cm and a gravimetric moisture content of 0.6 g/cm3, which corresponds
to a complex dielectric constant as given in [14].
The backscattering cross sections of the leaf were computed using the GRG and PO approximations as well as
the MoM for VV- and HH-polarisations over the range
08  u  908 at both 9.6 and 0.44 GHz. In these computations, the cell size of the elliptical dielectric disk for the
MoM was 0.25  0.25 cm (l/12.5  l/12.5) which
results in N (number of cells) ¼ 741 at 9.6 GHz. Till now,
it was commonly known that the GRG approximation
holds for leaf surface dimensions smaller or comparable
to the wavelength. However, Fig. 4a shows that the GRG
approximation is as good as the PO approximation even
for a large leaf with a leaf length of 3.84l. Fig. 4b shows
the backscattering cross sections of the dielectric disk at
0.44 GHz. In the MoM computation, the cell size was
0.4  0.4 cm (l/170  l/170) which gives N ¼ 297 at
0.44 GHz. The length of the leaf is 0.176l (¼ l/5.68) at
0.44 GHz. Also, it was known that the PO approach is inherently a high-frequency approximation and therefore may be
applied with caution when the size of a dielectric disk is not
620

Fig. 4 Comparison of analytical and numerical backscatter
cross sections for VV-polarisation
a 9.6 GHz
b 0.44 GHz

large compared with the wavelength [16]. Fig. 4b, however,
shows that the PO approach is as good as the GRG approximation for a small elliptical dielectric disk with a length of
0.176l. The PO model disagrees with the other models at
large incidence angle (u  758), near edge-on incidence,
as shown in Figs 4a and b, because the disk is assumed as
a surface-current sheet in the PO approximation. Similar
results were also shown for HH-polarisation; the GRG
and PO models are equally applicable for computation of
the backscatter RCS of a thin dielectric disk at both frequencies (9.6 GHz corresponding to a leaf length of 3.84l, and
0.44 GHz corresponding to 0.176l).
Fig. 5a shows the forward-scattering cross sections of the
leaf, which are computed using the analytical and numerical
models at X-band for VV-polarisation. The incidence wave
has u0 ¼ 208 (ui ¼ 1608), fi ¼ 08 and the scattered wave
has fs ¼ 08, 08  us  1808 (Fig. 1). The GRG approximation for forward-scattering cross section agrees very
well with the MoM even at 9.6 GHz, as in the backscattering case. The deviations of the forward-scattering cross sections computed by the GRG and PO models are less than
3 dB at most angles in comparison with the results of the
MoM as shown in Fig. 5a, even for a large dielectric disk
with a length of 3.84l. The GRG and PO models also
agree well with the MoM for HH-polarisation.
Fig. 5b demonstrates that the PO approach is also good
for computing the forward-scattering cross section of the
leaf even though the dimension of the leaf is very small
IET Microw. Antennas Propag., Vol. 1, No. 3, June 2007

Fig. 6 RCS as function of
a Moisture content
b Ellipticity of the dielectric disk for backscatter at normal incidence
and HH-polarisation

Fig. 5 Comparison of analytical and numerical forward-scatter
cross sections
a 9.6 GHz, uo ¼ 208 for VV-polarisation
b 0.44 GHz, uo ¼ 308 for both polarisations

(2a ¼ 0.176l and 2b ¼ 0.073l) compared to the wavelength at 0.44 GHz. The difference between the PO and
the GRG models is less than 2 dB for both polarisations.
The forward-scattering cross sections from those models
agree well with that from the MoM for VV-polarisation,
whereas PO model is about 1.5 dB higher than the MoM
for HH-polarisation.
In order to generalise the results shown above, at first, the
backscatter RCS of the dielectric disk with 2a ¼ 12 cm,
2b ¼ 5 cm and t ¼ 0.02 cm was computed for various
values of dielectric constants corresponding to various gravimetric moisture contents from 0.1 to 0.9 g/cm3. Fig. 6a
shows a typical example of the above computation results,
for HH-polarisation, normal incidence at f ¼ 5.3 GHz.
Then, the backscatter RCS of the dielectric disk was computed for various shapes of the leaf, from an ellipse-shaped
oblates ellipsoid with an ellipticity ratio of b/a ¼ 0.1 to a
circular-shaped oblate ellipsoid (a ¼ b). Fig. 6b shows the
computation results for HH-polarisation at 9.6 GHz. We
obtained similar results for VV-polarisation and other frequencies. Therefore we can conclude that the GRG and PO
models are equally applicable to the computation of the scattering matrix of a natural thin leaf at microwave frequencies
for both polarisations regardless of the size, the moisture
content and the shape of the leaf.
The computation time for a single leaf above was
measured to estimate the complexity of each model. The
GRG model took 0.029 s for the RCS computation of a
IET Microw. Antennas Propag., Vol. 1, No. 3, June 2007

single leaf using a PC with a 3 GHz CPU, whereas the
PO model took 0.016 s. Therefore the PO model with the
resistive sheet approximation is more efficient than the
GRG model. The computation time for the MoM model
depends on the number of cells; the example above took
about 15 min with the same computer.
In reality, leaves are not of uniform thickness. Instead,
natural leaves have randomly rough surfaces with very
small roughness parameters: the RMS height and the correlation length. A randomly rough surface with small roughness parameters can be considered as an impedance
surface with a surface impedance [17] of
pﬃﬃﬃﬃ 2
p(ks)
(26)
h ¼ jZ0
2kl
where Z0 is the intrinsic impedance of free space, k is the
wavenumber, s is the RMS height and l is the correlation
length of the rough surface. The difference between the
RCS of the leaf with a uniform thickness and that with a
small roughness is negligible (less than 0.0002 dB) at
9.6 GHz, normal incidence with s ¼ 0.001 mm and
l ¼ 1 mm.
The forward-scatter and backwardscatter RCSs of the leaf
for a range of thicknesses (0.1 mm  t  2.0 mm) at 9.6
and 0.44 GHz are computed using the GRG and PO
models and the MoM for VV- and HH-polarisations.
Figs 7a and b show the forward-scatter cross sections for
thicknesses of 0.2 and 1.0 mm at f ¼ 9.6 GHz and
u0 ¼ 308 (ui ¼ 1508) for VV-polarisation. The GRG and
PO models agree very well with the MoM as shown in
Fig. 7a for the thin disk case (t ¼ 0.2 mm). However,
Fig. 7b shows that the GRG and PO models deviate from
the MoM because of a larger thickness. The thicker the
621

Fig. 7

Forward-scatter cross sections at 308 and 9.6 GHz

a t ¼ 0.2 mm
b t ¼ 1.0 mm.

leaf is, the more deviation is expected between the GRG and
PO models and the MoM.
Figs 8a and b show the numerical results as a function of
thickness from 0.1 to 2.0 mm. The PO model agrees relatively
well with the MoM even at large thickness, whereas the GRG
model deviates much more from the MoM results at large
thickness, at 9.6 GHz. Because the PO model employs the
resistive sheet approximation, the accuracy of the PO
model may be guaranteed only at the range of k0t  1 [17].
Therefore Fig. 8a shows that the PO model deviates from
the numerical solution at about t ’ 0.5 mm and is saturated
at t . 1 mm. Fig. 8a also shows that the analytical models
agree with each other for small thicknesses (t  0.4 mm) at
9.6 GHz for both polarisations. Fig. 8b shows the variation of the backscattering cross sections of the leaf as a
function of thickness from 0.1 to 2.0 mm at 0.44 GHz
for VV-polarisation, normal incidence (u0 ¼ us ¼ 08,
ui ¼ 1808). The GRG and PO models agree relatively well
with the MoM, especially at small values of thickness less
than 0.5 mm at 0.44 GHz as shown in Fig. 8b. When we
compute the scattering amplitudes of deciduous leaves
having various sizes, shapes and orientations in a crown
layer of vegetation canopy, we may choose either of the PO
or of the GRG model regardless of the size of the leaves for
practical range of microwave frequencies, because the thickness of the leaves is very small, 0.02  t  0.04 cm. We
could obtain similar results for other leaves with different
shapes and different moisture contents.
Fig. 9 shows the backscattering cross sections at normal
incidence (u0 ¼ us ¼ 08, ui ¼ 1808), for a leaf
622

Fig. 8 RCS of a leaf as a function of thickness at VV-polarisation
a 308 forward-scatter at 9.6 GHz
b Normal incidence backscatter at 0.44 GHz

(2a ¼ 12 cm, 2b ¼ 5 cm, t ¼ 0.04 cm) over the frequency
range of 0.25 GHz  f  25 GHz, which corresponds to
the leaf length range of 0.1l  2a  10l for
VV-polarisation. The difference between the PO and
the GRG models is less than 2 dB over the range
0.1l  2a  10l as shown in Fig. 9. The angular variations

Fig. 9 Variation of the backscatter RCS as a function of frequency at normal incidence for VV-polarisation
IET Microw. Antennas Propag., Vol. 1, No. 3, June 2007

of both models are identical, because the modifying factors
of both models have the same angular variations as in (9),
(12) and (16). This result informs us that the GRG and
PO models are equally applicable to compute the scattering
matrix of a natural deciduous leaf at microwave frequencies; that is, the GRG model is as good as the PO model
for computation of the scattering amplitudes of leaves ten
times larger than a wavelength, and on the other hand, the
PO model is as good as the GRG model for leaves 0.1
times smaller than a wavelength.
5

Conclusion

The accuracies of the GRG and PO models for scattering from
deciduous leaves (very thin lossy dielectric disks) were investigated based on the precise numerical results of the MoM. It
was found that the GRG and PO models extend their validity
regions for scattering amplitudes as the thickness of a lossy
dielectric disk decreases. Both models agree quite well with
the precise MoM results for scattering from natural deciduous
leaves, because the thickness of the leaves is very small,
0.02  t  0.04 mm. It was also found in this study that
both the GRG and PO models could be used for computing
the scattering amplitudes of the leaves over the range of
length 0.1l  2a  10l (corresponding to the range of frequency 0.25 GHz  f  25 GHz for a leaf with a length of
12 cm as an example). It can be recommended that both the
PO and GRG models be alternatively used for computing
the scattering matrices (or the phase matrices) of natural
deciduous leaves (included in a vegetation canopy) at microwave frequencies.
6
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