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Abstract —We develop a method to model the
microwave transmissivity of row crops that explicitly
accounts for their periodic nature as well as multiple
scattering. We hypothesize that this method could
eventually be used to improve satellite retrieval of soil
moisture and vegetation optical depth in agricultural
regions. The method is characterized by unit cells
terminated by periodic boundary conditions and Floquet
port excitations solved using commercial software.
Individual plants are represented by vertically oriented
dielectric cylinders. We calculate canopy transmissivity,
reflectivity, and loss in terms of S-parameters. We validate
the model with analytical solutions and illustrate the
effect of canopy scattering. Our simulation results are
consistent with both simulated and measured data
published in the literature.

Index Terms — HFSS, scattering, SMOS, SMAP, soil
moisture, S-parameters, transmissivity, vegetation optical
depth.

I. INTRODUCTION

Both NASA's Soil Moisture Active Passive (SMAP)
satellite mission [1] and the European Space Agency's
Soil Moisture Ocean Salinity (SMOS) satellite mission
[2] use L-band radiometry to estimate soil moisture.
Their retrieval algorithms are based on a zeroth-order
solution of radiative transfer commonly called the 7-w
model because it uses two parameters, T and w, to
characterize attenuation and scattering by vegetation [3,
4]. Assessment of SMAP and SMOS performance in
croplands reveal that soil moisture retrievals do not
satisfy either mission’s accuracy goal. It is likely that
unrealistic values of T and w are part of the problem [5,
6]. Thet-w model assumes that the vegetation scattering
is almost zero at L-band (f = 1.4 GHz, 1 = 21 cm).
However, when the electrical size of plants becomes
comparable with the wavelength, the scattered radiation
and its coherent wave interactions generated from all of
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the plants are no longer negligible [7, 8].

The 7 and w parameters currently in use are
empirical: they have largely been determined by fitting
the T - w model to observations. There is a need to find
more realistic values of T and w in order to increase the
accuracy of soil moisture estimates in agricultural
regions. One approach is to represent the vegetation
canopy with models that include vegetation scattering
effects. The t parameter, also called the vegetation
optical depth (VOD), is a measure of the transmissivity
of vegetation canopy. Experimental observations [9] and
theoretical models [10, 11] show that vegetation
transmissivity depends on the operation frequency,
incidence angle, polarization, and type of vegetation.

We model the vegetation canopy using the FEM
solver in HFSS [12], incorporating several key features
of croplands in the remote sensing point of view [13, 14].
First, crops are generally planted in regularly-spaced
rows, and there are a large number of plants (scatterers)
within an L-band satellite footprint (30-40 km). Second,
the scattered fields and all the coherent wave interactions
need to be considered. Third, the radiation is treated as a
plane wave, and the polarization and incident angle
should be dealt with. Floquet ports and periodic
boundary conditions are used in our proposed approach
to realize the features described above. We utilize S-
parameters from HFSS directly to calculate the
transmissivity of the vegetation canopy. The CPU time
and memory requirement for running the simulations are
tractable because of restricting the computational
domain to a unit cell.

In the following sections, we explain how we model
the vegetation canopy in HFSS, and then validate our
simulations against analytical results. Finally, we compare
our results with published data [9, 10] for a corn and a
grass canopy.

1. METHODOLOGY
To model the layer of vegetation, we propose to use
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the unit cell comprising the PBC (periodic boundary
condition) and two Floquet ports, as shown in Fig. 1. The
PBC enforces field periodicity in the x- and y-direction
through master/slave boundary pairs, and hence, an
infinite array of the 3D structure is created. The Floquet
port excites plane waves consisting of an infinite series

of TE, (transverse electric to z, h-pol) and TM,, (transverse
magnetic to z, v-pol) Floquet modes [15].
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Fig. 1. HFSS modeling of a layer of vegetation: (a) unit
cell and (b) infinite array of 3D structure.

A. Plane wave with oblique incidence

The S-parameters as a function of the observation
angle can be obtained by defining the phase shift through
the slave boundary, as shown in Fig. 2. Formulations in
this section follow [16].
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Fig. 2. A pair of master and slave boundaries.

The propagation vector of the radiated wave is given
by:

Kyean = Ko [COS &, SNy SIN Oy, €08 O,y |, (1)
where O, and ¢g.an are our intended direction in
spherical coordinates, ky = w./py&, is the free-space
wave number, and g, and p, are the permittivity and
permeability of free space, respectively. The radiated
fields at Point A on the master boundary and at Point B
on the slave boundary are represented relatively as:

Ey = Epexp[ j(ot—kyh)], )
E, =E,, exp(-jk,Ar), @)

where, w is the angular frequency. Assuming that the
radiated wave is traveling in the xz-plane (¢pgcan = 0), as

sin @,

can scan !
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shown in Fig. 2, the phase shift between Point A and B
is obtained by (4), and Eq. (3) can be rewritten as (5):

Ar=dsind,,,, (4)

E, = E,, exp(—jk,dsiné,,,). ®)

The relationship between the scan angle and the phase

shift (A®) in degrees through a pair of master/slave

boundaries can be expressed as:
AD =360°dsind,,, /1. (6)
Thus, we can excite a plane wave in our intended

direction so that transmissivity is computed as a function
of the observation angle.

B. TE, and TM, Floguet modal fields

The benefit of using the Floquet theory is to be able
to derive the electromagnetic fields in terms of Floquet
series when solving Maxwell’s equations [17]. Also, an
arbitrary uniform plane wave can be decomposed into
the sum of orthogonal Floguet modal fields (TE, and
TM,) such that the scattering problem is solved for each
polarization. The mathematical expressions for the
normalized Floguet modal fields are introduced, and
formulations in this subsection follow [17]. The TE,
modal fields, which are referred to as the transverse
electric field to z-axis, are generated from the electric
vector potential F with only z-component. In terms of
Floguet harmonics, F can be expressed as:

E=2Aexp[—j(k x+kymny+kzmnz)] )

Xmn

where A is a constant and Ky, kym, are the mode
wave numbers for the TE,,,, Floquet mode. For a
rectangular grid, the mode wave numbers for the (m, n)
Floguet mode are given by:

Kem =Ko +2mz/a, Kk, =kq+2n7/b, 8)
where a and b are intervals on the xy-plane respectively
and analogous to the unit cell size in x- and y-directions
in our modeling; m and n are integers varying from —co
to +o0; ko and k,,, are two constants that determine the
progressive phase shift between the nearby cells and are
related to the intended direction of radiation (8, ¢g).
This yields,

Ko =Kosing,cosdy,  k,=ksingsing.  (9)
Then, the wave number along z-direction is expressed as:

I(zzmn = kZ - I(fmn - kimnv (10)
where k is the wave number in the medium. It is noted
that the propagation direction of the Floquet modal fields
is parallel to the vector Emn as follows:

Rm” = kamn + ykymn + 2\kzmn' (11)

he electric fields are derived by solving the relation
= —V x F. This yields,

E = jA()A(kymn - ykxmn)exp(_jlz'r)y (12)

where F=xX+yy+zZ. The magnetic fields are also

-
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determined by the Maxwell equation:
VxE =—jouH, (13)

as
2

%]exp(— jKer), (19)

zmn

ﬁ = JAYn:II;wE [)zkxmn + ykymn -1
where Y,TE is the modal admittance for the TE,,,,
Floquet mode, and given by:

Ym-l;lE = kzmn /((()ﬂ) (15)
The modal fields are normalized by choosing the
constant term A such that the complex power through the
Floquet port becomes equal to the complex conjugate of
the modal admittance of the TE,,,,,, mode. This yields,

JJ(ExH 2axay=vE. (16)
port
Substituting (12) and (14) into (16) yields,
Aot 17)

j\'ab(kz _kzzmn)

Finally, using (17) in (12), the TE, modal fields are re-
expressed as:

E:Mexp(—ﬂz'r)- (18)

Jab(kz —K2)
The TM,, Floquet modal fields can be also solved from
the magnetic vector potential 4, which is expressed as:
A=1B exp(—le-F), (19)
where B is a constant. Applying the relation H = V x 4

and the Maxwell equation V x H = jweE, the modal
admittance is obtained by:
Yon' = O6[Kypy (20)
Using a similar procedure as above, the TM, Floquet
modal fields are expressed as:
ﬁ _ ( Xkymn + ykxmn) exp (—JIZ'F) (21)
Jab(kz —KkZ)
In the context of our modeling, two factors are
considered. First, the unit-cell size (a X b) is determined
based on the density of plants, the row spacing, and
the average plant spacing. Also, since k,,,, is real or
imaginary depending on the wavelength and the unit-cell
size, it is essential to include all the propagation modes
and exclude the evanescent modes [12]. This improves
simulation efficiency and interpretation of the S-
parameters of interests. Second, we utilize the S-
parameter of the zeroth order Floquet mode (m =n =
0), which propagates along our intended angle (6, ¢,),
as shown in Fig. 3.

C. Generalized scattering matrix

The HFSS solution provides us with S-parameters
which are cast in the form of a generalized scattering
matrix (GSM), as shown in Fig. 4, where a,,,, and b,,,,,
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are the incident voltage vectors at the two Floquet ports
and ¢, and d,,, are the reflected voltage vectors
corresponding to a,,, and b,,,,. The S-matrix interrelates
the TE, (h-pol) and TM,, (v-pol) Floguet modes, where
S11 and S,, are the reflection coefficients, and S;, and
S, are the transmission coefficients. Also, the coupling
effect with two different polarizations is given in the
GSM.

Floquet Port #1

Unit Cell
Transmission Line
Axis
v

. Direction of
Plane wave

Floquet Port #2

Fig. 3. Field overlays of the zeroth order Floquet mode
with scan angle (6, ¢¢) = (40°,90°).
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Fig. 4. (a) Configuration of the unit cell. (b) Generalized
scattering matrix. (c) HFSS solution.

Therefore, we obtain the S-parameters for the
vegetation canopy case consisting of an infinite number
of 3D structures which represent the plants that make up
the canopy of a row crop. The transmissivity, y, of the
vegetation canopy is computed as:

7 :[|Slhzh|2 +|Slhzv i Sy ’ +|Sl"2V 2}/2, (22)

7v:|slvzvz’ 7/h:|81h2h|2’ (23)
where the superscripts and subscripts u,v,and h
denote the unpolarized, vertically-polarized (v-pol),
and horizontally-polarized (h-pol) transmissivities,
respectively, and the denominator 2 is the total excitation
power of two polarizations from Port 2. In detail, we
assign the same power of 1 W to each TEy, and TM,
Floquet mode.

+

I11. VALIDATON AND SIMULATIONS
Our method is validated with analytical solutions
and then compared with results from [9-10, 18].
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A. 2-layer and 3-layer case

A 2-layer case (air and soil) is simulated to compute
the Fresnel reflectivity and transmissivity as shown in
Fig. 5. The analytical solutions for [S;;]|? and |S,,|?
when the wave propagates from Port 1 to Port 2 are
computed as:

ISu|" =|Ry[*  for v-pol and h-pol, (24)
g2zt _Im[;/zz] T2“1|2 for h-pol,
2 Im[}/lz]
R I S @)
o2t Y21/ €2 Tzv12 for v-pol,
Im[7,,/&]

where R is the Fresnel reflection coefficient, T is the
transmission coefficient, subscripts 1 and 2 denote air
and soil respectively, y (= a +jB) is the complex
propagation constant consisting of the attenuation
constant (&, Np/m) and the phase constant (8, rad/m),
d is the soil depth, and the soil attenuation constant a,,
along the z-direction is calculated by:

vi=a+jp :\/_a)zgi/uo' i=12
yiz:aiz-l_jﬂiz:\j}/iz_yii' (26)
7/2x =}/1x = jklsmei’
where & is the complex permittivity.
The analytical solutions for |S,,|? and |S;,|?> when
the waves propagate from Port 2 to 1 are computed as:

|S,,|" =e*|R,,[" for v-pol and h-pol,  (27)

2020 g-203h Im [71z ]

T'[*  for h-pol,
|m[7’zz] 12| (28)
“2a,d o204, |m[71z/§1]

° ¢ |m[}/22/§2]

where h is the height of air layer, and the attenuation
constants for each layer are calculated using (26) with
Vi =i =’ Re[&,] ,sin? 6, . Figures 6 and 7 show
that the reflected or transmitted power can be computed
accurately using our method.

T

|Slz|2 = ,
for v-pol,

v
T12

Port 1
42 cm
| 7————
9.6 cm
Port 2

Fig. 5. HFSS model for the 2-layer case (soil and air)
where the soil relative complex permittivity &, s,y =
18 — j3 at the operation frequency of 1.41 GHz.

ACES JOURNAL, Vol. 36, No. 6, June 2021

0.8+
_ 067 TTh < g !
= B _ 1
) L d
04+ -4 '
— Analytical h-pol N I
= = +Analytical v-pol \n 1
027 | o HFsS h-pol \
o HFSS v-pol \_-{,
0 1 L L L
0 20 40 60 80
Incidence angle 91 (degrees)
(a) Reflection coefficient
1 ; ;
—Analytical h-pol
| = = +Analytical v-pol | |
0.8 O HFSS h-pol
o HFSS v-pol

0 20 40 60 80
Incidence angle 91 (degrees)

(b) Transmission coefficient

Fig. 6. Reflection coefficient |S;;| and transmission
coefficient |S,, | of the 0"-order Floquet mode when the
wave propagates downward in Fig. 5.

A 3-layer case where the vegetation canopy is added
between the soil layer and the air layer in the unit cell as
shown in Fig. 8 is also simulated to illustrate the effect
of scattering.

In the homogeneous layer case, the vegetation
canopy is treated as a homogeneous medium with an
effective permittivity. The effective permittivity &.¢ (=
1.98 —j0.35) is obtained by:

g =y o (29)

_ air
Eett = ¢ stem 1

Vtotal ! Vtotal

where the dimension of cylinder is 1.5 cm in radius
and 30 cm in height, the volume fraction of cylinder
(stem) is 7.1% (Viora = 3 X 1073 m3, V,;. = 2.788 X
1073 m3 and Vyen =2.12x107*m3), and the
cylinder’s relative permittivity is e, = 15 — j15 [10].
The analytical solution for |S;;| in the homogeneous
layer case is computed as [19]:

R = Re * R (30)
1+R,Re 7"

where Rl js the total reflection coefficient of the wave
propagating upward in medium 1 (air), R;, and R, are




the half-space reflection coefficients at each interface,
and h is the vegetation canopy’s height.
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Fig. 7. Reflection coefficient |S,,| and transmission

coefficient |S;,| of the 0"-order Floquet mode when the
wave propagates upward in Fig. 5.

PorI1 Port 1

(@) (b)

Fig. 8. HFSS model for the 3-layer case when the wave
propagates downward from Port 1 to Port 2: (left) the
homogeneous layer case (right) and the stem case.

In the stem case, where the vegetation canopy
consists of an infinite number of finite-length cylinders,
the incident wave from Port 1 induces currents on the
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cylinders, which generate the scattered radiation.
Therefore, |S;;| in this case accounts for vegetation
scattering and coherency induced by scattering between
the stem and the soil surface. Fig. 9 shows that first,
the results of the two approaches (analytical solution
and homogeneous layer case) are in good agreement.
Second, the reflectivity simulated using the homogenous
layer and effective permittivity based on the volume
fraction of air to stem is not the same as the reflectivity
of the more realistic vegetation canopy (stem).

—Analytical
08/l o HFSS €off

O HFSS stem

o0

0 L L L L

0 20 40 60 80
Incidence angle 01 (degrees)
(a) H-pol
1
—Analytical
08 L [u] HFSS Eeff O_
O HFSS stem

0 L L L L
0 20 40 60 80
Incidence angle 61 (degrees)
(b) V-pol

Fig. 9. Reflection coefficient |S;;| of the 0™-order
Floquet mode for each polarization when the wave
propagates downward in Fig. 8.

B. Grass canopy

Two cases, as shown in Fig. 10 are compared with
each other: the randomly distributed case was studied
using the NMM3D (numerical Maxwell model in 3D
simulations) [10], and the periodically distributed case is
simulated in this work using the HFSS model.

Parameters used in these two cases are as follows:
the cylinder has a radius of 1 mm, length of 30 cm,
and relative complex permittivity of 30.7 — 5.5, the
operation frequency is 5.4 GHz (C-band), the density is
2122 cylinders per m?, and the incidence angle is 40°.
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These parameters represent the water column density of
a 1kg - m~2 grass canopy. The transmissivity of the grass
canopy is computed by using the HFSS model, as shown
in Fig. 11.

d
T 7 ;7 ST
(a)
il mm tz i j217cm

Fig. 10. One layer consisting of long and thin cylinders
(@ randomly distributed [10] and (b) periodically
distributed with a spacing of 2.17 cm between cylinders
in both directions.

2.17 cm
[
30cm Q

‘i.y 10.8 cm

wa /g

R1 mm|

@ (b)

Fig. 11. Schematic of HFSS model for the grass canopy:
(@) front view and (b) top view.

Table 1 shows the comparison between our method
and the NMM3D for the cases of Fig. 10. The
transmissivity found using our method for the
periodically distributed case (0.78) is similar to, but not
the same as, the transmissivity found using the NMM3D
for the randomly distributed case (0.70). However, the
standard deviation of multiple realizations of the
randomly-distributed case is 0.2. We hypothesize that
more coherent wave interactions take place among the
vegetation scatters in the periodically distributed case
than in the randomly distributed case.

For the model in Fig. 10 (b), we also compute the
transmissivity for each polarization as a function of
frequency. Figure 12 shows that the transmissivity
decreases as the frequency increases. In other words, the
grass vegetation canopy is increasingly opaque as the
wavelength becomes shorter. Also, the loss for the

ACES JOURNAL, Vol. 36, No. 6, June 2021

vertical polarization is greater than the horizontal
polarization since the vegetation canopy consists of
vertically-oriented stems.

Table 1: Transmissivity at an incident angle 40° for the
grass canopy. T = —cosf Ilny

Methodology / HFSS / NMM3D /
Distribution Periodically | Sparsely [10]
Transmissivity (y) 0.78 0.70
VOD (1) 0.64 0.89
1 -~
>08F ~ RS S~<
e Tl
206F e T
=
s T
R — e R
= = = -unpolarized -
0.2F  fowen v-pol
0

Frequency (GHz)

Fig. 12. Transmissivity at an incident angle 40° for the
grass canopy as a function of frequency (f: 1 — 8 GHz,
A:30 cm — 3.75 cm).

C. Corn canopy

Experimental observations for the vegetation canopy
consisting of vertically oriented stalks were conducted in
[9]. Parameters are as follows: row spacing is 76 cm,
average plant spacing is 19.8 cm, average plant height is
2.7 m with average diameter 1.7 cm, relative complex
permittivity is 16.9 — j5.6, and the operation frequency
is 1.62 GHz. Based on these parameters, the HFSS model
is created, as shown in Fig. 13.

The radiation excited from the Floquet port is set
up to propagate at 8 = 20°,40°,60°, and ¢ = 90° in
accordance with the measurement set-up in the literature.
The loss L in dB for the corn canopy can be computed
as:

L, =-20log(|syy]). L, =-20log(|s]). (31)
Table 2 shows the comparison between our method
and the experimental observation. First, our simulation
results are in the range of the measured data. Second, h-
pol loss is less than v-pol loss. Also, it is observed that
the loss increases as the incidence angle increases for the
v-pol, whereas h-pol does not exhibit the same pattern.

We hypothesize this is because the stem diameter of 1.7
cm is small compared to the wavelength of 18.5 cm.
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Fig. 13. Schematic of HFSS model for the corn canopy:
(@) front view and (b) top view.

Table 2: Loss for the corn canopy where the experiment
result presents the mean value of the measured loss and
the +25% confidence interval

Incident V-pol loss
angle Experiment [9] HFSS
20° 1.4 dB (1.0-1.7 dB) 1.0dB
40° 5.3dB (3.3-9.2 dB) 6.3 dB
60° | 85dB (65-11.9dB) 9.0 dB

Incident H-pol loss
angle Experiment [9] HFSS
20° 0.7 dB (0.2—1.3 dB) 0.4 dB
40° 0.7 dB (0—1.7 dB) 0.2dB
60° 1.2 dB (0.3-2.0 dB) 0.3dB

1V. CONCLUSION

We used a method consisting of Floquet ports
and periodic boundary conditions to model a layer of
vegetation where an infinite number of vegetation
elements (plants) are arrayed in the x- and y-direction
like in a row crop. The scattered fields and its coherent
interactions are considered by solving Maxwell’s
equations directly using HFSS, and the transmissivity is
computed by utilizing the S-parameters. The simulation
results from our proposed model and the NMM3D model
for a grass canopy, as well as experimental measurements
of a corn canopy, are similar. Some of the differences are
likely due to the periodicity enforced in our method,
which limits the distribution of vegetation elements
within rows, when in reality the in-row spacing between
elements is somewhat random. Our method could be
used to find the transmissivity of different crops. In the
future, we plan to enhance our plant models by adding
leaf-like structures to the cylinders (stalks). We hope our
method can eventually be used to find more realistic
values of the parameters of the 7 — w model used by
SMOS and SMAP and consequently improved retrievals
of soil moisture and VOD in croplands.
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